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Abstract 

Malaria continues to be responsible for substantial morbidity and mortality. There is a 

need for improved malaria elimination and treatment strategies. The aim of this thesis 

was to investigate innate host mechanisms in individuals naturally infected with 

Plasmodium parasites to identify potential targets for antiparasitic and adjunctive drugs 

and examine a potential site for a hidden parasite biomass. This thesis describes the roles 

of three innate host machineries in protection and pathogenesis – platelets, neutrophils 

and the spleen.  

Using blood samples, analysis of platelet-parasite interactions in 376 Indonesian and 

Malaysian patients with and without falciparum, vivax, malariae or knowlesi malaria found 

that platelets play an important role in controlling parasitaemia by directly binding to and 

killing Plasmodium parasites via platelet factor-4 activity. In a subset of these patients, 

neutrophil extracellular traps (NETs) were increased in proportion to parasite biomass 

and disease severity, and may contribute to malaria pathogenesis. In asymptomatic P. 

falciparum infection, NETs may inhibit parasite growth. 

Analyses of hospital records from 10,774 patients over a ten-year period in Papua, 

Indonesia, indicate that splenectomy increases the risk of clinical malaria, particularly 

from P. vivax. Potential reasons to explain this are discussed. In a smaller prospective 

cohort of splenectomy patients, 22 spleens were analysed for Plasmodium infection, with 

21 found to have non-phagocytosed P. falciparum and/or P. vivax accumulating in the 

spleen. Splenic accumulation of immature reticulocytes and the patterns of parasite 

density, staging and distribution suggest that the spleen, in addition to its well-

documented protective roles, may also be a site for parasite multiplication, sexual stage 

development, and potentially biomass-related pathogenesis. 

Collectively, the findings in this thesis suggest that a) platelet-based peptides are novel 

candidates for malaria treatment, b) agents which reduce neutrophil activation and NET 

release may have potential as adjunctive therapies, c) splenectomy patients in regions 
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co-endemic for vivax and falciparum malaria should be given malaria radical cure and 

prophylaxis, particularly in the early post-operative period, d) the human spleen sustains 

a significant proportion of non-phagocytosed biomass, particularly for P. vivax, which may 

not be fully identified/targeted in current diagnosis and treatment strategies, and 

modelling approaches, and e) immature reticulocytes are concentrated and undergo 

maturation in the human spleen, providing a potential source of target cells for P. vivax 

multiplication. 
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1.1 Malaria 

1.1.1 The disease 

Malaria is a blood-borne infectious disease caused by protozoan parasites of the genus 

Plasmodium. At least seven species of malaria parasites are known to infect humans: 

Plasmodium falciparum, P. vivax, P. malariae, P. ovale curtisi, P. ovale wallikeri and the 

zoonotic Plasmodium species, P. knowlesi and P. cynomolgi. Infection commonly occurs 

in tropical and subtropical countries and is the leading parasitic cause of death, reported 

to affect 216 million people each year (WHO 2017). Globally, 3.4 billion people are at risk 

of malaria with an estimated 445,000 deaths reported in 2016, comprising mostly young 

children and pregnant women (WHO 2017). In the same year, Africa accounted for 90% 

of malaria cases with 99% being P. falciparum, while P. vivax was the predominant cause 

of infection outside of Africa (64%) (WHO 2017). Both these species are responsible for 

most of the global malaria burden. In response to the significant health consequences 

and economic burdens attributable to malaria (Breman, Egan & Keusch 2001), countries 

are moving towards malaria elimination. Numerous challenges impede elimination efforts 

including sustainable funding, conflict in endemic zones, suboptimal health systems, and 

the emergence of drug-resistant parasites and insecticide-resistant mosquitoes (WHO 

2017).  

 

1.1.2 Parasite life cycle 

The life cycle of the human-only Plasmodium species occurs in two hosts; humans and 

female Anopheles mosquitoes (summarized in Fig 1.1). Sporozoite forms of the parasite 

enter the human host during a mosquito blood meal and circulate through the bloodstream 

to the liver to invade hepatocytes (exo-erythrocytic cycle). After 5-8 days, infected 

hepatocytes rupture and release multiple merozoites. Merozoites invade red blood cells 

(RBCs) and initiate the erythrocytic cycle in the bloodstream which is responsible for the  
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Fig 1.1 Lifecycle of Plasmodium. Sporozoites enter the human host during a mosquito 

bloodmeal (A) and infect hepatocytes in the liver (B). The rupture of liver schizonts 5-8 

days after infection releases merozoites into circulation to invade surrounding RBCs and 

initiate the asexual cycle (C). Sexual forms, termed gametocytes, are transmitted back to 

the mosquito (D) and undergo the sporogonic cycle in the mosquito gut to produce 

sporozoites. Figure taken from (White et al. 2014).   
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appearance of symptoms associated with malaria. Asexual development in RBCs 

involves the maturation of rings/trophozoites into schizonts, followed by schizogony and 

reinvasion of surrounding RBCs. This system allows the parasite to evade host immune 

responses, proliferate rapidly and in certain circumstances cause severe disease (White 

et al. 2014). Some parasites differentiate into sexual stages termed gametocytes which, 

upon ingestion by Anopheles mosquitoes, undergo the sporogonic cycle and continue 

transmission. Individuals that have been infected with P. vivax or P. ovale can experience 

recurrence of symptoms several weeks or months after their initial malaria attack. These 

clinical episodes are termed relapses and occur due to recrudescence of dormant stages 

(hypnozoites) that exist in the liver (White et al. 2014).  

 

1.1.3 Uncomplicated and severe malaria 

Symptoms of uncomplicated malaria usually appear 8-14 days after being bitten by a 

Plasmodium-infected mosquito and classically include fever, chills, sweating, fatigue, 

diarrhoea, nausea, vomiting and headaches. Symptoms can be cyclic and, depending on 

the species, occur every 1-3 days. Microscopic detection of Plasmodium parasites in 

blood smears is the traditional method for diagnosing malaria. Commercially-available 

rapid diagnostic tests are also increasingly being used, particularly in resource-poor 

settings. Additional manifestations of uncomplicated malaria may include anaemia and 

thrombocytopenia (Douglas et al. 2012; Douglas et al. 2013; Gérardin et al. 2002; Lampah 

et al. 2015). If not treated rapidly and correctly, all Plasmodium species infecting humans 

can cause complications, severe disease and, in some cases, death (Anstey et al. 2012; 

Douglas et al. 2013; WHO 2014; William et al. 2011). Plasmodium falciparum is the major 

cause of severe malaria and fatalities in endemic areas.  

Severe malaria occurs as a result of organ dysfunction and/or abnormalities in the blood 

or host metabolism. The criteria for severe P. falciparum malaria defined by WHO 

includes peripheral parasitaemia and at least one of the following manifestations; 
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impaired consciousness (cerebral malaria), severe anaemia, acidosis, hypoglycaemia, 

jaundice, acute renal failure, hyperparasitaemia, respiratory distress, hypotension and/or 

significant bleeding (WHO 2014). The criteria for severe vivax malaria are identical but 

without a parasitaemia threshold or hyperparasitaemia (WHO 2014). 

The pathophysiology leading to severe disease is not fully understood for all Plasmodium 

species. In P. falciparum, sequestration of infected RBCs to blood vessels and 

microvasculature is the main mechanism leading to blockage of microcirculation, tissue 

ischemia and organ dysfunction (White et al. 2014). Angiopoetin-2 release (Yeo et al. 

2008), together with heme- and asymmetrical dimethylarginine-associated reduced nitric 

oxide bioavailability (Yeo et al. 2010; Yeo et al. 2009), contributes to endothelial activation 

and exposure of von Willebrand factor (vWF) on endothelial cell surfaces. Infected RBCs 

cytoadhere to platelet-decorated vWF strings on the endothelial lining via parasite-

expressed PfEMP1 interactions with platelet-expressed CD36 (Bridges et al. 2010; de 

Mast et al. 2009). These events lead to the clinical outcomes such as cerebral malaria 

and acute organ failures, with clinical severity proportional to the extent of microvascular 

obstruction (Dondorp et al. 2008). This ability to sequester prevents mature P. falciparum 

parasites from circulating and being cleared in the spleen. Agglutination (Pain et al. 2001) 

and rosetting (Carlson et al. 1990) are also mechanisms contributing to the pathogenesis 

of falciparum malaria. 

 

1.1.4 Malaria in Timika, Papua, Indonesia 

The town of Timika is located in the Mimika district in south-central Papua, Indonesia. 

The demographic, climate and topographic features have been described elsewhere 

(Karyana et al. 2008; Tjitra et al. 2008). Briefly, the region consists of lowland forests 

paralleled by the southern coast and mountain ranges to the north. Approximately 

200,000 people populate the area comprising of highland Papuans, lowland Papuans and 
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non-Papuan migrants, with an estimated growth of 16% per year mainly from economic 

migration for mining (Karyana et al. 2008). 

Malaria transmission in Timika is high but unstable and restricted to the lowland areas. 

Results from a household survey in 2013 indicate a parasitaemia prevalence of 38% (14% 

microscopy-detectable and 24% submicroscopic infections) (Pava et al. 2016). 

Plasmodium falciparum and P. vivax account for 41% and 49% of infections, respectively, 

while the remaining are attributable to P. malariae, P. ovale and mixed species infections 

(Pava et al. 2016). Adults and children present with clinical disease, including severe 

malaria throughout the year in Timika (Douglas et al. 2014; Tjitra et al. 2008). Chloroquine 

and sulphadoxine-pyrimethamine-resistant P. falciparum and P. vivax are present in this 

region (Ratcliff et al. 2007; Tjitra et al. 2008), however, the average annual incidence of 

malaria has decreased over the last decade since a change in the national treatment 

guidelines. 

A high incidence of trauma (from incidents such as vehicle accidents), results in a high 

incidence of splenic injury presenting at local hospitals requiring splenectomy. Between 

2012-2015, 59 splenectomy cases (an average of 15 per year) were recorded for clinical 

indications, mostly trauma, at two hospitals in Timika; Rumah Sakit Umum Daerah 

(RSUD) and Rumah Sakit Mitra Masyarakat (RSMM)). RSMM served all patients 

attending surrounding healthcare facilities in Mimika until the opening of the second 

hospital, RSUD, in 2008. 

 

1.1.5 Eliminating malaria 

Despite intense research and development there is only one licensed malaria vaccine 

(RTS,S/AS01), which offers very modest protection against falciparum malaria and no 

protection against vivax malaria. Thus, elimination of malaria relies on current strategies 

to interrupt transmission. An estimated US$ 2.7 billion was invested in 2016 to combat 

global malaria (WHO 2017). That year, Kyrgyzstan and Sri Lanka were declared malaria 
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free by WHO. Funding has enabled acceleration of elimination goals in a number of other 

regions, with 21 countries reportedly on track to becoming malaria free by 2020 (WHO 

2017). Efforts have been focused on reducing mosquito-human contact, improving 

access to care, better diagnosis, effective treatment and stronger surveillance systems.  

Malaria elimination requires continuous research and development of novel antimalarials. 

The recent emergence of artemisinin resistance in five countries in the Greater Mekong 

region is a major concern and could threaten elimination efforts if not contained. 

Understanding host factors, immunology and pathophysiology of disease may help to 

identify novel therapeutic targets for the treatment of malaria. Most malaria immunology 

research has tended to focus on adaptive immunity with less done to explore the potential 

of innate mechanism to provide protection against malaria parasites. Innate host factors 

that may play important roles at the frontline of defence against malaria include 

neutrophils (Brown & Smalley 1981; Trubowitz & Masek 1968), natural killer cells 

(Stegmann, De Souza & Riley 2015), platelets (McMorran et al. 2009; Peyron et al. 1989; 

Polack, Delolme & Peyron 1997), complement (Boyle et al. 2015b), and macrophages 

(Bouharoun-Tayoun et al. 1990; Roussilhon et al. 2017), but whether they elicit protection, 

have little effect, or mediate pathogenesis in human malaria is incompletely understood 

for some of the host factors. In this thesis, the role of innate host determinants in 

protection and pathogenesis of human malaria is further defined. Specifically, it was 

investigated if platelet-associated killing of Plasmodium parasites occurs in human 

malaria, and whether this is a major innate mechanism contributing to control of parasite 

biomass. Furthermore, it was examined if neutrophil activation and neutrophil 

extracellular traps have innate host-protective or pathogenic roles in human malaria.  

The global goal of malaria elimination requires the interruption of transmission and it is 

now recognized that asymptomatic infection sustains a large proportion of malaria 

transmission (Bousema et al. 2014b; Nguyen et al. 2018; Okell et al. 2012; Sturrock et al. 

2013; Tadesse et al. 2018). Where and how Plasmodium maintains asymptomatic 
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infection in humans is incompletely understood. To address this knowledge gap, this 

thesis investigates if the spleen is a subclinical parasite reservoir in human asymptomatic 

Plasmodium infection that could potentially facilitate transmission. In addition, it was 

examined if the human spleen contained an abundance of reticulocytes, a heterogenous 

population of RBC precursors that is targeted by Plasmodium species for invasion and 

which could potentially facilitate the occurrence of asexual cycles in the spleen. 
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1.2 Platelets; Host Protection versus Disease Progression 

1.2.1 Introduction to platelets and role in disease 

Platelets are the second most abundant cellular component of blood after RBCs and play 

an important role in regulating blood haemostasis. They originate from megakaryotes in 

the bone marrow and enter circulation as small anucleated cytoplasm fragments 

(Machlus, Thon & Italiano 2014). On average 100 billion platelets are produced daily in 

healthy adults and are regulated by a hormone called thrombopoietin (Kaushansky 2006). 

Platelets are peripherally dense in glycoproteins for adhesion and activation, and 

internally are rich in granules filled with inflammatory mediators and immune regulators 

that are secreted via an open small passageway in response to stimuli. At a site of 

vascular injury, platelets accumulate and release signals, mainly from their alpha granules 

(including P-selectin, platelet factor-4, fibrinogen), to recruit coagulation factors while 

acting as a ‘plug’ to temporarily obstruct blood drainage (Rumbaut & Thiagarajan 2010). 

This process is termed thrombosis, and results in the formation of a clot at the site of 

interrupted endothelium following activation of a coagulation cascade. 

In addition to their role in thrombosis, platelets are a component of the innate immune 

response and have been shown to contribute to the initiation of adaptive immune 

responses in disease (Semple, Italiano & Freedman 2011). They are the most abundant 

circulating cell type that has an immune function and, like classical immune cells, express 

toll-like receptors and receptors to various host modulators (Andonegui et al. 2005). Due 

to their frequency, platelets have the ability to exert substantial inflammatory effects, 

however, their exact role in disease is not well defined. Some studies report a protective 

role for platelets during infection (Ali et al. 2017; Clark et al. 2007; Kraemer et al. 2011; 

McMorran et al. 2009; Polack, Delolme & Peyron 1997; Yeaman 2014), while others 

associate platelets with adverse inflammatory outcomes contributing to pathogenesis 

(Cloutier et al. 2018; Morrell et al. 2014; Ramirez et al. 2012; Wassmer & Grau 2016). 

Hence, despite a clear involvement in regulating blood homeostasis, platelet function in 
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disease remains complicated and is currently understudied in a clinical setting. In 

haematological infections such as malaria, platelets have host-protective and pathogenic 

functions (reviewed in detail below), highlighting the complex and likely severity- and 

inflammatory-dependent mechanisms associated with platelet function (Morrell 2017). 

 

1.2.2 Malarial thrombocytopenia and anaemia   

A reduction in circulating platelet counts, termed thrombocytopenia, has been widely 

reported as a common laboratory manifestation of malaria and is often worse in severe 

disease (Kakar et al. 1999; Moulin et al. 2003; Rodríguez-Morales et al. 2005; WHO 

2014). Thrombocytopenia is a risk factor for mortality, albeit not necessarily an 

independent risk factor, in African children with falciparum malaria (Gérardin et al. 2002), 

Southeast Asian adults and children with falciparum and vivax malaria (Hanson et al. 

2015; Lampah et al. 2015), and adults with knowlesi malaria (William et al. 2011). 

Thrombocytopenia is seen early in infection and the platelet count has been shown to 

revert to normal levels after parasite clearance (Kelton et al. 1983), yet it is still unclear 

the extent to which thrombocytopenia is associated with pathogenesis or a consequence 

of malaria. In addition, the mechanisms leading to thrombocytopenia are not fully 

understood and its effect on parasite biomass, disease control or progression is unknown 

in human malaria. Several hypotheses have been generated to explain the mechanisms 

of malarial thrombocytopenia, including the immune-mediated activation and removal of 

platelets, malarial bone marrow alterations causing a lack of platelet production, vascular 

pooling of platelets, and platelet sequestration in the spleen leading to splenomegaly 

(Coelho et al. 2013; De Mast et al. 2010; de Mast et al. 2007; Karanikas et al. 2004; Kelton 

et al. 1983; Looareesuwan et al. 1992; Morrell et al. 2014).  

In addition to thrombocytopenia, a common clinical feature of malaria that is responsible 

for substantial morbidity and mortality from four of the major Plasmodium species is 

anaemia (Abdalla et al. 1980; Calis et al. 2008; Douglas et al. 2013; Grigg et al. 2018; 
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Phillips et al. 1986; WHO 2014). The removal of uninfected RBCs (uRBCs) is an important 

part of anaemia which is thought to occur from extravascular loss in the spleen, immune-

mediated intravascular depletion, and dyserythropoesis (Castro-Gomes et al. 2014; 

Douglas et al. 2012; Looareesuwan et al. 1990; Looareesuwan et al. 1987a; 

Looareesuwan et al. 1987b; Nash et al. 1989), yet studies supporting these hypotheses 

are lacking. There is evidence that platelets adhere to uRBCs in patients infected with P. 

falciparum (Butthep & Bunyaratvej 1992). The fate of platelet-bound uRBCs, whether they 

remain circulating, sequester or are cleared, is unknown. In addition, the frequency of 

these complexes in circulation has not been quantified. It is not known if these complexes 

make up a significant proportion of the total platelet and RBC pool in humans. Platelets 

and RBCs are the most abundant components of blood, hence, host recognition and 

removal of these complexes may potentially be a mechanism of malarial 

thrombocytopenia and anaemia. 

 

1.2.3 Platelets are implicated in malaria pathology 

Research suggests that platelets mediate malarial disease progression and are key 

effectors in the pathogenesis of cerebral malaria (CM) (Wassmer & Grau 2016). In human 

malaria, platelet studies are largely confined to CM, with platelets implicated in 

cytoadherence of infected RBCs (iRBCs) to brain endothelial cells, iRBC clumping, 

microvascular sequestration and potentially brain swelling (Bridges et al. 2010; Kessler 

et al. 2017; Pain et al. 2001; Wassmer & Grau 2016). In murine models of cerebral malaria 

(ECM), platelets have the potential to provide early protection (Aggrey et al. 2013; van 

der Heyde et al. 2005), but to subsequently compromise host endothelial cell function, 

resulting in microvascular obstruction and severe disease (Wassmer & Grau 2016). 

Platelet factor-4 (PF4), a chemokine secreted by platelets with antimicrobial properties, 

mediates T cell and monocyte trafficking to the brain promoting ECM (Srivastava et al. 

2008; Srivastava et al. 2010) but not known in human CM. Elevated PF4 levels in malaria 
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patients in proportion to disease severity and CM mortality suggests PF4 may be a 

suitable prognostic indicator in human cerebral malaria (Wilson et al. 2011). Although the 

murine model of CM has major limitations as a model for human disease due to distinct 

histopathological and inflammatory features (White et al. 2010), the murine studies and 

the limited data in humans suggest that platelets may be detrimental to the host and have 

potential to contribute to adverse outcomes in severe malaria. 

 

1.2.4 Laboratory studies on the host-protective function of platelets against 

Plasmodium 

While CM and ECM studies indicate that platelets may contribute to malaria 

pathogenesis, a growing body of in vitro and animal studies from multiple independent 

groups have demonstrated that platelets may be protective in malaria. This was first 

described using P. falciparum cultures demonstrating that platelets inhibit the proliferation 

and maturation of parasites in a dose-dependent manner (Peyron et al. 1989), and 

subsequently in murine models showing that platelet-deficient mice infected with P. 

berghei are more susceptible to death (Polack, Delolme & Peyron 1997). These early 

studies utilised models reflecting uncomplicated malaria. The ability of platelets to kill 

malaria parasites was later confirmed in similar systems, and was shown to require direct 

contact of platelets with parasites (McMorran et al. 2009). PF4 has been identified as the 

parasite-killing effector molecule (Love et al. 2012; McMorran et al. 2012), and is released 

from alpha granules of activated platelets upon exposure to P. falciparum (Srivastava et 

al. 2008). Controlled in vitro experiments have demonstrated that, upon entering the cell 

via erythrocyte-expressed DARC (McMorran et al. 2012), PF4 kills Plasmodium parasites 

by intraerythrocytic accumulation and selective lysing of the parasite digestive vacuole 

(Love et al. 2012). Hence, PF4 may have dual roles in malaria, with laboratory models of 

uncomplicated malaria suggesting PF4 mediates anti-parasitic functions (Love et al. 

2012; McMorran et al. 2009; McMorran et al. 2012; Peyron et al. 1989; Polack, Delolme 
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& Peyron 1997), while in ECM and human CM, PF4 may contribute to severe malaria 

pathogenesis (Srivastava et al. 2008; Srivastava et al. 2010; Wilson et al. 2011). 

Collectively, the duality of platelets in different disease models indicates a potentially 

complex role for platelets in malaria pathology. Current literature is suggestive of platelets 

being protective early in infection but later may contribute to pathogenesis. The former 

lacks evidence in human malaria and the latter in non-severe malaria. Importantly, despite 

numerous laboratory studies supporting a host-protective function, platelet-associated 

parasite killing in natural human infections or in any of the non-falciparum species 

infecting humans has not been investigated. Recently, conflicting results have been 

reported showing a lack of platelet antiparasitic activity in mice and P. falciparum in vitro 

(Gramaglia et al. 2017), highlighting the limitations of using artificial disease models to 

study platelet-parasite interactions (McMorran  & Foote 2017; Morrell 2017). Therefore, 

to resolve this controversy, studies in human malaria in a natural clinical setting and 

across the disease spectrum are warranted to understand platelet function in malaria. 

Substantial evidence of platelet anti-parasitic activities in humans would support the 

exploration of novel PF4-based peptides as a potential new class of antimalarial drugs. 

 

1.2.5 Platelet study aims and objectives 

The aim of the platelet study was to determine if platelets kill parasites in natural human 

malaria infections with P. falciparum, P. vivax, P. malariae or P. knowlesi, and if platelet-

parasite binding and killing is associated with reduced parasitaemia. Furthermore, 

platelet-mediated mechanisms of malarial thrombocytopenia and anemia were 

investigated. Flow cytometry and microscopy analyses of peripheral blood from 

uncomplicated and severe malaria patients included assays measuring platelet binding 

to iRBCs/uRBCs, intraerythrocytic PF4 accumulation, platelet-associated parasite death 

and platelet activation. Associations of these outputs with indicators of disease severity 

were determined. In addition, the ability of human platelets and PF4 to kill P. knowlesi 
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was tested for the first time in an in vitro system in parallel to the known platelet 

antiparasitic activity against P. falciparum. The outcomes of this study are described in 

chapter 2. 
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1.3 Neutrophils in Malaria 

1.3.1 Introduction 

The most abundant type of white blood cell (WBC) in humans are neutrophils, making up 

50-70%. These cells originate from myeloid stem cells in the bone marrow and form part 

of the polymorphonuclear cell family together with basophils and eosinophils. Neutrophils 

are highly motile and migrate in circulation to sites of inflammation/infection in response 

to stimulus. They are well-established innate effector cells with antimicrobial and 

antifungal functions, and are involved in the activation, regulation and effector function of 

other immune cells (Mantovani et al. 2011). In addition to phagocytic activity, neutrophils 

are capable of degranulation, a process involving release of granule-stored antimicrobial 

peptides in response to foreign threats (Amulic et al. 2012). Neutrophils have also been 

shown to release extracellular structures of DNA and chromatin that can bind and kill 

pathogens, termed neutrophil extracellular traps (NETs) (Brinkmann et al. 2004). These 

defensive capacities are aimed at rapidly eliminating pathogens, however, inadvertent or 

over-activation can also damage the host and cause autoinflammation and tissue injury, 

leading to poor outcomes (Perl et al. 2012; Westlin & Gimbrone 1993). Controlling the 

timing and location of neutrophil activation is therefore important for an effective innate 

immune response against infection.  

Neutrophils exhibit a short lifespan and are terminally differentiated (Amulic et al. 2012), 

making them difficult to study using in vitro systems. Mice differ in basic aspects of 

neutrophil biology and have considerably fewer neutrophils compared to humans (<30%), 

raising concern over the relevance of in vivo murine studies. For these reasons, studies 

on neutrophils are relatively infrequent compared to other WBCs, and are particularly 

lacking in human diseases such as malaria.  

The neutrophil count is a useful clinical tool and can be lower (neutropenia) or higher in 

malaria patients compared to healthy individuals (Dale & Wolff 1973; Kotepui et al. 2014; 

Maina et al. 2010). The shift of neutrophils from circulating pools to an enlarged marginal 
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pool is one mechanism of neutropenia in human malaria (Dale & Wolff 1973). 

Leucocytosis, predominantly from neutrophilia, in severe falciparum malaria (WHO 2014), 

is associated with disease severity, mortality and poor prognosis in paediatric falciparum 

(Ladhani et al. 2002) and CM (Molyneux et al. 1989). The following sections summarise 

current literature on the beneficial and detrimental roles of neutrophils during malaria, and 

discuss knowledge gaps in malarial neutrophil activation and neutrophil extracellular 

traps. 

 

1.3.2 Neutrophil activation 

The transition of neutrophils from inactive bystanders to highly penetrative and complex 

attack-ready weapons is known as neutrophil activation. Naïve circulating neutrophils 

actively navigate blood vessels and randomly probe for signals that trigger neutrophil 

activation. Once a neutrophil is engaged by a stimulus, commitment to microbicidal action 

takes place and is realized from a continuum of processes, priming steps and complex 

signalling cascades (Amulic et al. 2012). The end result is a barrage of potential defence 

mechanisms, including phagocytosis, degranulation and formation of NETs (Fig 1.2). 

Neutrophil activation can be measured in several ways; indirectly by quantifying products 

of degranulation that have been released into the medium or plasma, or directly by 

measuring pathogen ingestion by neutrophils or NETosis. Degranulation products that 

are widely used as markers of neutrophil activation include myeloperoxidase (MPO), 

neutrophil elastase (NE) and proteinase-3 (PR3), which are released from primary 

azurophilic granules that mobilise to the neutrophil plasma membrane (Faurschou & 

Borregaard 2003). MPO is important for neutrophil oxidative bursts and catalyses the 

oxidation of halides by hydrogen peroxide (Eiserich et al. 1998), while NE is a serine 

protease with bactericidal actions (Belaaouaj 2002; Weinrauch et al. 2002). Both granular  
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 Fig 1.2 Neutrophil recruitment and effector function. During an infection, neutrophils 

migrate and interact with stimulated endothelial cells via exposed selectins at sites of 

inflammation (A). Neutrophil rolling on the lumen wall occurs (B) until integrin-mediated 

firm adhesion is established (C). After traversing the endothelium, neutrophils enter an 

activated state and recruit other immune cells by releasing cytokines. Neutrophil 

activation can lead to multiple downstream defence processes, including phagocytosis of 

microbes, degranulation of defence proteins, and formation of neutrophil extracellular 

traps (NETs). Figure taken from (Amulic et al. 2012). 
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proteins are implicated in NET formation (Papayannopoulos et al. 2010). PR3 is involved 

in monocyte recruitment (Soehnlein, Zernecke & Weber 2009), but this may be at the 

expense of host vascular damage (Sugawara 2005; Villegas-Mendez et al. 2007).  

Studies measuring neutrophil activation in human malaria show that neutrophils are 

activated in vivax (Leoratti et al. 2012; Rocha et al. 2015) and severe falciparum malaria 

(Feintuch et al. 2016; Mohammed et al. 2003; Pukrittayakamee et al. 1992). Measures of 

neutrophil activation have been associated with parasite biomass in falciparum malaria 

(Pukrittayakamee et al. 1992), vasculopathy in paediatric CM (Feintuch et al. 2016) and 

markers of endothelial and liver damage in falciparum and vivax patients, respectively 

(Hemmer et al. 1994; Rocha et al. 2015). Activated neutrophils in P. vivax patients have 

enhanced phagocytic activity and superoxide production, but impaired chemotaxis and 

cytokine secretion, suggesting neutrophil paralysis (Leoratti et al. 2012). In vitro, 

neutrophil secretory products in synergism with malaria patient sera play a major role in 

endothelial damage (Hemmer et al. 1994) which can be prevented by antioxidants and 

enzyme inhibitors (Hemmer et al. 2005). Taken together, these studies suggest that 

neutrophil activation may contribute to pathogenesis of falciparum and vivax malaria. The 

role of neutrophils in human malaria from other Plasmodium species, including P. 

malariae, has not been investigated, and host processes that are modulated by activated 

neutrophils such as NET formation are understudied in human malaria for any of the 

Plasmodium species. Inhibiting the mechanisms or end-products of neutrophil activation 

may be one way to improve clinical outcomes and provide novel therapies for the 

treatment of malaria.   

 

1.3.3 Neutrophils can phagocytose and kill P. falciparum 

A functional output of neutrophil activation is phagocytosis (Kozel, Pfrommer & Redelman 

1987). There is significant evidence from early in vitro studies that neutrophils can 

phagocytose and kill P. falciparum parasites, serving a host-protective function. This 
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includes the phagocytosis of extracellular merozoites (Trubowitz & Masek 1968) and 

sporozoites (Sinden & Smalley 1976), as well as mature-stage P. falciparum schizonts 

(Laing & Wilson 1972), consequentially inhibiting in vitro parasite growth (Brown & 

Smalley 1981). Histidine, a singlet oxygen scavenger, alleviates suppression of parasite 

expansion, suggesting that singlet oxygen is the neutrophil product most effective at killing 

the parasites (Nnalue & Friedman 1988b). Tumor necrosis factor and granulocyte 

macrophage-colony stimulating factor are important for phagocytic effector mechanisms 

and enhance neutrophil-mediated killing of P. falciparum blood stages in vitro 

(Kumaratilake et al. 1996; Kumaratilake, Ferrante & Rzepczyk 1990). Interestingly, there 

is evidence that extracellular vesicles released by Plasmodium-iRBCs inhibit neutrophil 

function in vitro by suppressing their ability to produce reactive oxygen species and 

secrete cytokines (Babatunde et al. 2017). Furthermore, neutrophils that phagocytose P. 

falciparum digestive vacuoles are in a functional exhaustive state and have reduced 

antimicrobial activity (Dasari et al. 2011), suggesting that neutrophil dysfunction in malaria 

patients may be impairing immune responses (Cunnington et al. 2011; Cunnington et al. 

2012; Leoratti et al. 2012), and may explain the increased susceptibility to bacterial 

infections in human malaria (Scott et al. 2011). 

In vivo, evidence of parasite phagocytosis is noticeable in blood smears of malaria 

patients by the presence of malaria pigment within neutrophils and other phagocytic cells 

(Nguyen et al. 1995). Pigmented neutrophils in blood are used as a prognostic indicator 

for malaria. In adults, peripheral pigmented-neutrophil frequencies of >5% are predictive 

of fatal outcomes in severe falciparum malaria (Nguyen et al. 1995). Pigmented neutrophil 

counts are also strongly associated with cerebral manifestations and death in children 

with severe falciparum malaria (Lyke et al. 2003). Neutrophil-mediated phagocytosis of 

within the mosquito mid-gut does not play a major role in reducing infectivity of the malarial 

parasite to mosquitoes (Healer, Graszynski & Riley 1999), suggesting lack of a 

transmission-blocking role. Hence, while phagocytosis and killing of malaria parasites by 

neutrophils occurs in vitro, the impact on the mosquito parasite burden and transmission 
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seems to be minimal. A rare case of blood neutrophils containing exflagellated P. vivax 

gametocytes in a malaria patient has been reported (Choi et al. 2014), the first evidence 

to suggest that malaria parasites are capable of infecting neutrophils. Whether neutrophils 

may act as parasite vectors remains to be determined.  

 

1.3.4 Neutrophil extracellular traps 

The generation of NETs is another functional output of neutrophil activation (Clark et al. 

2007; Papayannopoulos et al. 2010). This process is termed NETosis and involves a 

series of dramatic morphological changes to the neutrophil (Fuchs et al. 2007). NETs 

were first described more than 20 years ago (Takei et al. 1996) and have been 

demonstrated to have bactericidal functions (Brinkmann et al. 2004). Since then, NETs 

are the focus of many neutrophil studies in health and disease, but not in malaria. NETs 

are extracellular DNA structures that are released due to chromatin decondensation and 

dispersal. The process of NETosis can occur in two ways: a suicidal mechanism involving 

programmed cell death and loss of nuclear, granular and plasma membranes (Brinkmann 

& Zychlinsky 2007; Pilsczek et al. 2010), or a rapid extrusion mechanism that is reversible 

in viable neutrophils (Yousefi et al. 2009). Their antimicrobial functions are derived from 

multiple NET-bound defence proteins including histones, NE, MPO, PR3, cathepsin-G 

and lactoferrin (Delgado-Rizo et al. 2017), with chromatin itself possessing microbicidal 

activities (Brinkmann & Zychlinsky 2012). The microbe-killing function of NETs has been 

demonstrated in various disease models (Buchanan et al. 2006; Caudrillier et al. 2012; 

Chen et al. 2014; Clark et al. 2007; Fuchs et al. 2010; Gupta et al. 2005; Kessenbrock et 

al. 2009; McDonald et al. 2012).  

Only one study has identified NETs in malaria patients (Baker et al. 2008). The authors 

found NETs in the blood and contained trapped parasites (Baker et al. 2008), however, 

NET counts and parasite viability were not evaluated. P. falciparum iRBCs have been 

shown to stimulate NET release by human neutrophils in vitro (Sercundes et al. 2016). 
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Plasmodium parasites can produce a DNase that degrades NETs, and experimental 

knockout of this DNase results in lower parasitaemia in P. berghei-infected mice (Chang 

et al. 2016b). These studies suggest NETs may have antiparasitic effects.  

A recent review has proposed that NETs are detrimental and contribute to severe malaria 

pathogenesis by reducing the bore diameter of capillaries and exacerbating the 

processes that lead to microvascular obstruction and end-organ dysfunction (Boeltz et al. 

2017). NETs have been identified in the blood and lungs of mice in models of malarial 

lung injury/acute respiratory distress syndrome, where depletion of neutrophils reduced 

tissue damage and increased mouse survival (Sercundes et al. 2016). Accumulation of 

neutrophils in the interalveolar spaces of P. vivax patients dying from respiratory 

complications has also been reported (Lacerda et al. 2012; Valecha et al. 2009), however, 

the presence of NETs was not examined. These studies support that neutrophils and 

NETs may contribute to malaria pathology. In paediatric CM, a lack of neutrophils and 

NETs in brain autopsies suggest that local NET release may not be a mechanism leading 

to coma (Feintuch et al. 2016).  

Hence, NETs are generated in response to malaria, at least in mice and falciparum 

malaria, however, there is currently no evidence in humans of the impact of NETs on 

malaria parasite burden, disease control, or pathogenesis. Furthermore, the existence of 

NETs in non-falciparum malaria patients and asymptomatic Plasmodium infection is 

unknown and has not been comprehensively investigated across the disease spectrum 

for any Plasmodium species. These studies are warranted and may indicate whether 

NETs or their regulatory factors are potential therapeutic targets. 

Many studies have shown that NETs potentiate adverse outcomes in other diseases (Brill 

et al. 2012; Caudrillier et al. 2012; Kessenbrock et al. 2009; Khandpur et al. 2013; Merza 

et al. 2015; Villanueva et al. 2011). Platelets have been shown to induce NET formation 

via mechanisms involving platelet toll-like receptors and the platelet high mobility group 

box 1 protein (Caudrillier et al. 2012; Clark et al. 2007; Kim & Jenne 2016; Ma & Kubes 
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2008; Ma et al. 2016; Maugeri et al. 2014). Cell-free heme has also been identified as a 

stimulator for NET release in humanized mice with sickle-cell disease (Chen et al. 2014). 

Whether platelets and haemolysis mediate the generation of NETs in malaria is unknown 

but may be important given their key involvement in other host responses in malaria 

(Ferreira et al. 2008; Gillrie & Ho 2016; Wassmer & Grau 2016).  

 

1.3.5 Neutrophil study aims and objectives 

The aim of the neutrophil study was to measure neutrophil activation and NET formation 

in blood from malaria patients naturally infected with P. falciparum, P. vivax and P. 

malariae, including patients with severe falciparum malaria. Markers of neutrophil 

activation were examined by ELISA and NETs were quantified by conventional and 

immunofluorescent microscopy. To test the hypothesis that neutrophil activation and 

NETs contribute to malaria pathogenesis, relationships of these neutrophil parameters 

with disease severity and parasite biomass were examined. Furthermore, the role of 

haemolysis and platelet activation in NET formation in human malaria was investigated 

by ELISA and flow cytometry. Neutrophil-mediated protection was tested by measuring 

NETs in asymptomatic Plasmodium carriers, a subgroup of individuals at least partially 

immune to malaria. The outcomes of this study are described in chapter 3.  
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1.4 Roles of the Spleen in Malaria 

1.4.1 Introduction to the spleen 

The spleen is the largest secondary lymphoid organ in the human body and is located in 

the upper left section of the abdomen behind the stomach. The spleen primarily consists 

of red and white pulp, and is normally the size of a fist. Blood supply to the spleen enters 

through the splenic artery and leaves via the splenic vein, both positioned at the hilum. In 

the circulatory system, each RBC crosses the spleen every 20 minutes (Buffet et al. 

2011). A large proportion of RBCs flow through the fast splenic microcirculation and back 

into the bloodstream, while 10-20% of RBCs flow through a slow open circulation devoid 

of endothelium. It is in the slow open circulation where the spleen’s primary function takes 

place; filtration and removal of senescent and mechanically-altered RBCs (Bowdler 

2002). RBCs that enter the slow circulation navigate the cords of the red pulp and return 

into the vasculature by squeezing through sinus walls (Groom, Schmidt & MacDonald 

1991). The process of crossing interendothelial slits from the splenic cords to the sinus 

lumen is the most demanding test of RBC deformability (Mohandas & Gallagher 2008), 

with some cells unable to deform sufficiently. Splenic macrophages destroy and recycle 

retained RBCs while actively screening for other RBC surface alterations in the cords that 

are recognized through ligand-receptor interactions (Buffet et al. 2011). The splenic RBC 

filtration mechanisms are summarized in Fig 1.3. 

The spleen also contains a large proportion of leucocytes and is a primary site for both 

innate and adaptive immune responses, including priming of adaptive immune cells, 

antibody production and affinity maturation. These processes occur in and around the 

white pulp and are vital in the host response against invading pathogens. Studies on the 

role of the spleen during malaria infection are scarce due to limited access to human 

spleen samples and its pathophysiological role during Plasmodium infection is not fully 

understood.  
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Fig 1.3 Splenic RBC filtration. RBCs enter the spleen through the splenic artery (top 

right) and navigate the spleen via two pathways. The fast closed circulation accounts for 

80-90% of splenic blood flow, where RBCs first enter via arterioles, then through the 

perifollicular zone (PFZ), PFZ-to-sinus by-pass, sinus lumen, post-sinusal veinules, and 

exit from the splenic vein. The filtering function of the spleen occurs in the slow open 

circulation and accounts for 10-20% of splenic blood flow. Here, RBCs undergo a 

prefiltration step (1) involving interactions with cells in the cords of the red pulp, including 

macrophages, which may result in retention via ligand-receptor interactions. This is 

followed by the filtration step (2) where RBCs cross interendothelial slits into the sinus 

lumen, triggering the biomechanical retention of rigid RBCs. The postfiltration step (3) 

corresponds to phagocytosis and processing of retained RBC, including initiation of 

immune responses. Figure taken from (Buffet et al. 2011). 
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1.4.2 Splenomegaly, anaemia and spleen rupture in malaria 

In malaria, the spleen is understood to play a key role in the clearance of malaria parasites 

from the bloodstream (Buffet et al. 2011; Chotivanich et al. 2002). The mechanisms are 

discussed further in section 1.4.4. Enlargement of the spleen, termed splenomegaly, is a 

clinical feature seen in 70-80% of acute malaria cases and more commonly occurs in 

children and naïve individuals (Waweru, Macleod & Gikonyo 2014). It is palpable in the 

upper left abdominal area. In the past, splenomegaly was used to measure malaria 

transmission but has since been replaced by more accurate techniques (Chaves et al. 

2011). In malaria endemic areas, marked splenomegaly occasionally occurs due to 

abnormal immune responses from repeated exposure to malaria. These cases are termed 

hyperreactive malarial splenomegaly (HMS) and are characterized by a rise in 

immunoglobulin M (IgM), strong positivity to malaria antibodies and splenomegaly of at 

least 10 cm (Fakunle 1981).  

The exact mechanisms leading to splenomegaly in malaria remain unclear. Anaemia is a 

common accompaniment of splenomegaly (Paz-Y-Mar, Gonzalez-Estrada & Alraies 

2013; Zimmerman & Sharathkumar 2017) and probably results from the increased pooling 

of bystander RBCs in the spleen (Prankerd 1963) which may contribute to splenomegaly. 

RBC congestion in the splenic sinusoids has been previously described in a case of fatal 

falciparum malaria (Harnagel & Rhudy 1954), and the reduced deformability of infected 

and uninfected RBCs in falciparum malaria (Dondorp et al. 1999; Ishioka et al. 2016; 

Suwanarusk et al. 2004) may explain RBC congestion in the spleen through 

biomechanical entrapment. To further support this, early radio-labelling studies have 

shown reduced RBC survival in non-severe (Lee et al. 1989) and severe falciparum 

malaria (Looareesuwan et al. 1990), and which was further reduced in malaria patients 

with splenomegaly (Looareesuwan et al. 1987a). Complement-mediated formation of 

immune complexes on the surface of RBCs during malaria targets these cells for 

clearance by macrophages in the spleen (Biryukov & Stoute 2014; Dasari et al. 2014; Lee 
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et al. 1989; Odhiambo et al. 2008) and may also contribute to malarial splenomegaly and 

anaemia. The mechanism leading to HMS are similarly unclear. Some suggest that the 

persistence of IgM results in an imbalance between CD4+ and CD8+ T cells and non-

specific B cell activation (Hoffman et al. 1984). Expansion of the red and white pulp 

ensues (Urban et al. 1999), leading to hyperplasia of the spleen (McGregor et al. 2015). 

HMSS is usually treated with short or prolonged antimalarial treatment to reduce the 

spleen size (Lowenthal, O'Riordan & Hutt 1971; Muniz-Junqueira, Moraes & Marsden 

1992), however, splenectomy is considered in non-responders or life-threatening cases. 

Spontaneous spleen rupture can result from splenomegaly and is most commonly caused 

by malaria. The real incidence of spleen rupture in malaria is currently not known 

(Waweru, Macleod & Gikonyo 2014). In malaria endemic areas, spleen rupture may occur 

less frequently due to the progressive enlargement and fibrosis of the spleen, and 

presence of a thicker capsule (Imbert, Rapp & Buffet 2009). Nevertheless, it may be 

underreported and underdiagnosed in endemic areas (Zingman & Viner 1993). 

Spontaneous spleen rupture usually occurs during the primary attack in non-immune 

individuals and is more common in P. vivax infections, perhaps due to the more 

pronounced splenomegaly compared to other species (Imbert, Rapp & Buffet 2009; Lubitz 

1949; Zingman & Viner 1993).  

The physiological mechanisms leading to spleen rupture in malaria are poorly studied. It 

is thought that splenic rupture results from rapid enlargement and damage to the 

enveloping framework, sometimes including infarction. Pooling of platelets and clotting of 

blood in non-endothelial spaces in the splenic cords may also play a role (Imbert, Rapp 

& Buffet 2009). Upon rapid hyperplasia and increased intrasplenic tension, compression 

of abdominal muscles from minor trauma such as sneezing and coughing can cause 

subcapsular haemorrhage, eventually leading to a tear in the outer capsule and 

appearance of a rupture. Although conservative management and (partial) splenic 

retention is attempted when possible, splenectomy is often required for spleen rupture 
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especially when life threatening signs are present. Spontaneous recoveries are 

sometimes successful (Imbert, Rapp & Buffet 2009) and transcatheter embolization of the 

splenic artery is also possible in more advanced facilities (Kim et al. 2015). 

 

1.4.3 Splenectomy and post-splenectomy malaria  

One way to understand the role of the spleen in human malaria is to examine those 

individuals that have had their spleen surgically removed. Indications for splenectomy 

include trauma or, in some instances, splenomegaly. It is well known that splenectomy 

increases the risk of severe and fatal infections, particularly those from encapsulated 

bacteria, and parasites such as Plasmodium and Babesia (Bach et al. 2005; Boone & 

Watters 1995; Cullingford et al. 1991; Deodhar, Marshall & Barnes 1993; Rosner et al. 

1984). Several studies suggest that the spleen is important in immunity to Plasmodium 

(Grun, Long & Weidanz 1985; Kumar et al. 1989; Weiss 1989) which may occur from the 

induction of malaria-specific B and T cell responses (Engwerda, Beattie & Amante 2005). 

Conversely, the spleen has also been postulated to contain a significant proportion of 

viable parasite biomass and may act as a site for multiplication contributing to biomass-

related pathogenesis (Baird 2013; Barber et al. 2015; Fonseca et al. 2017; Siqueira et al. 

2012). These are discussed further in section 1.4.5. 

In malaria endemic regions of Malawi and Papua New Guinea, splenectomised 

individuals have almost double the risk of malaria than spleen-intact individuals (Bach et 

al. 2005; Boone & Watters 1995). It is also known that splenectomised patients are more 

susceptible to severe falciparum malaria and have a greater risk of hospitalization and 

death (Demar et al. 2004; Looareesuwan et al. 1993; Zhang et al. 2017). The risk of vivax 

malaria after splenectomy has not been determined and is important given the recognition 

that P. vivax is a major cause of morbidity and sometimes mortality in endemic areas 

(Anstey et al. 2012; Douglas et al. 2014; Tjitra et al. 2008). 
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Recurrence with P. falciparum and P. vivax several weeks after splenectomy has been 

reported (Bachmann et al. 2009; Bidegain et al. 2005; Tagariello et al. 2014; Vasin  et al. 

1986). The extent to which these are triggered by general trauma/surgery, the 

splenectomy itself, transfusion or haemolysis is still debatable and requires further 

investigation (Diako et al. 1994; Heger et al. 2005; Husum, Heger & Sundet 2002; Kark 

1946; Takongmo et al. 1993). This has important implications in the post-splenectomy 

treatment and prophylaxis regimes of vulnerable patients living in endemic areas. Such 

patient care does not exist in many endemic areas where rates of splenectomy are 

relatively high, including in Papua, Indonesia. In addition to understanding recurrence 

triggers, the origin of recurrent parasites is not fully understood and of interest due to 

implications in transmission (discussed further in section 1.4.5). 

 

1.4.4 Malaria parasites in the spleen 

In malaria patients who have died or have undergone splenectomy, microscopic 

examination of the spleen has revealed the presence of Plasmodium parasites. A study 

examining Vietnamese patients dying from severe falciparum malaria found higher 

parasitaemia in the spleen than in the periphery and predominantly comprised mature-

staged parasites rich in surface knobs (Urban et al. 2005). Parasite pitting around 

sinusoidal slits was also evident and splenic macrophages frequently contained malaria 

pigment and parasite remnants (Kapoor, Chandra & Kishore 2013; Urban et al. 2005). In 

a separate study, ex vivo perfusion of human spleens with P. falciparum parasites 

resulted in similar splenic retention of mature stages in the red pulp, but also included 

trapping of a subset of less-deformable knob-less rings (Safeukui et al. 2008). This was 

also observed in an in vitro model of the slow circulatory spleen compartment (Deplaine 

et al. 2011) and in post-mortem examinations (Prommano et al. 2005), suggesting that 

splenic retention of P. falciparum is mainly based on rigidity. These studies support the 

notion of a protective role for the spleen in P. falciparum infections which involves 
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mechanical clearance of parasitized erythrocytes and modulation of surface parasite 

antigen expression, overall reducing the parasite load available for vascular sequestration 

in vital organs that leads to complications such as cerebral malaria.  

Studies on P. vivax in the spleen are less common, largely due to the rarity in obtaining 

spleen tissue from untreated and non-deceased patients, while samples from fatal cases 

are almost always associated with comorbidities that complicate analyses. In addition, in 

vitro studies are hampered by difficulties in establishing continuous P. vivax cultures. An 

early report from India in 1927 described the spleen in acute benign tertian infection (P. 

vivax) as being enlarged and the spleen blood containing a large number of fission-stage 

(mature) parasites (Hehir 1927). In addition, parasites were present in splenic 

macrophages and endothelial cells, while the ‘spleen juice’ contained an abundance of 

‘sporulating forms’ (gametocytes) (Hehir 1927). More recent cases of vivax-associated 

pathological spleen rupture have been reported in Brazil, India, Turkey and PNG, all of 

which similarly observed P. vivax parasites in the spleen (Elizalde-Torrent et al. 2018; 

Lubitz 1949; Mokashi et al. 1992; Siqueira et al. 2012; Yagmur et al. 2000). Although 

clinical features of splenic rupture in P. falciparum and P. vivax are similar, the 2012 

Brazilian study reported several important differences in the immunological response and 

state of the parasites (Siqueira et al. 2012). This was the first detailed characterization of 

a P. vivax-infected spleen, obtained from a young non-immune adult whom was 

splenectomised due to spontaneous rupture two days prior to malaria diagnosis and 

treatment (Siqueira et al. 2012). Importantly, the spleen was found to contain a large 

number of apparently viable non-phagocytosed P. vivax parasites inside reticulocytes in 

the splenic red pulp. Unlike P. falciparum observations, P. vivax-infected reticulocytes 

were intact and were localized outside macrophages in the cords. 
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1.4.5 Pathophysiology of severe vivax malaria – role of the spleen? 

In contrast to P. falciparum infections, P. vivax is less pathogenic and parasitaemia rarely 

exceeds 2% but infection can still cause severe disease (Anstey et al. 2012; Price, 

Douglas & Anstey 2009; Price et al. 2007). Manifestations of severe P. vivax include 

severe anaemia, respiratory distress and, in some cases, rupture of the spleen. Although 

the risk for severe disease appears low without comorbidities, P. vivax plays a key role in 

promoting severity. In endemic areas, risk of severe vivax malaria is higher due to 

elevated transmission, frequent relapses, less access to diagnosis and treatment, and 

higher prevalence of comorbidities such as malnutrition, anaemia and bacterial infections 

(Anstey et al. 2012; Price, Douglas & Anstey 2009). The pathophysiological mechanisms 

leading to severe P. vivax are poorly understood and require further investigation.  

A study in Malaysian Borneo showed indirect evidence for a hidden parasite biomass 

unaccounted for in the circulation of patients with uncomplicated and severe vivax malaria 

(Barber et al. 2015). Their data showed increased endothelial activation in disease which 

only correlated with peripheral parasitaemia, while total parasite biomass (estimated by 

plasma concentrations of parasite lactate dehydrogenase) only correlated with markers 

for systemic inflammation (Barber et al. 2015). Those with severe disease had a higher 

ratio of total to circulating biomass than those with uncomplicated disease (Barber et al. 

2015). These findings suggest that tissue accumulation of P. vivax may occur, and a lack 

of correlation between endothelial activation and total parasite biomass suggests that 

accumulation may occur in non-endothelial tissue compartments such as the slow 

circulation of the spleen or extravascular bone marrow. It is possible that P. vivax-infected 

reticulocytes observed in the Brazilian report (Siqueira et al. 2012) were just passing 

through the spleen, however, this does not explain their large numbers and localization 

outside macrophages.  

Further to the Malaysian study, computational modelling of the growth of P. cynomolgi, 

the primate homologue of P. vivax, has suggested a non-circulating parasite 
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subpopulation capable of driving disease (Fonseca et al. 2017). Concealment of this 

parasite reservoir was an important aspect of successful pathogenesis and supports the 

hypothesis that P. vivax may have comparable ways of causing disease. Hence, while 

the spleen has traditionally been seen as an organ solely for parasite destruction, there 

is indirect evidence that viable P. vivax parasites can accumulate in RBCs in the spleen 

and avoid host elimination. Studies are warranted to determine if P. vivax pathogenesis 

is facilitated by biomass reservoirs in the spleen and bone marrow. 

In a case of spontaneous spleen rupture in India, peripheral blood smears were negative 

for malaria while smears from splenic pulp showed presence of P. vivax parasites 

(Mokashi et al. 1992), highlighting the possibility of hidden P. vivax infections in the 

spleen. There is currently no direct evidence that the spleen can be a hidden reservoir in 

asymptomatic infection. PCR studies of peripheral blood show that the burden of infection 

in endemic areas is significantly higher than that suggested by mass blood film 

examinations (Imwong et al. 2015; Pava et al. 2016; Tripura et al. 2017). An additional 

hidden spleen or bone marrow reservoir may also result in lack of detection of 

asymptomatic infections using mass screening of peripheral blood and may provide 

further evidence against test and treat strategies for malaria elimination. It is also possible 

that the spleen harbors multiple species or parasite strains that are otherwise undetected 

in a peripheral monoinfection. Investigating the validity of these speculations are 

warranted.  

P. vivax parasites have been observed in the bone marrow, another tissue compartment 

with extravascular spaces (Baro et al. 2017; Imirzalioglu et al. 2006; Lacerda, Hipólito & 

Passos 2008; Marchiafava & Bignami 1894; Ru et al. 2009). This tissue was recently 

identified as a major P. vivax reservoir in a non-human primate model of malaria and an 

important site for gametocyte development (Obaldia et al. 2018), however, it is important 

to note that only splenectomised monkeys were used in the postmortem analysis, leaving 
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speculation as to whether the bone marrow remains as a major reservoir in spleen-intact 

humans. 

 

1.4.6 Relapse and P. vivax dormancy 

One characteristic difference in the pathobiology of P. vivax compared to P. falciparum is 

its ability to relapse from dormant hypnozoites in the liver which leads to repeated 

episodes of infection (Bignami 1913; Mikolajczak et al. 2015; White 2011). Relapse can 

only be prevented with 8-aminoquinoline drugs that clear hypnozoites, such as 

primaquine and the recently approved tafenoquine (Alving et al. 1948; Brueckner et al. 

1998; Llanos-Cuentas et al. 2014). The triggers, periodicity and phenotypic epidemiology 

of relapsing P. vivax is incompletely understood (White & Imwong 2012).  

In addition to P. vivax relapse, dormant asexual stages can be generated in P. falciparum 

in vitro following exposure to antimalarials (Grobler et al. 2014; Teuscher et al. 2010). 

Comparable latent parasites of non-liver origin, if present in vivo, would have important 

implications in malaria elimination due to being a potential hidden source for early 

multiplication and repopulation of the peripheral blood. A recent study in P. berghei-

infected rodents found that parasites infecting splenic RBCs were less sensitive to 

artemisinin than in blood, suggesting the spleen may enable recrudescent infections and 

emergence of antimalarial resistance (Lee, Waters & Brewer 2018). While liver-stage 

hypnozoites are restricted to P. vivax, P. ovale and P. cynomolgi in humans, putative non-

hypnozoite dormant stages are proposed to occur for other Plasmodium species. The 

reported cases of P. falciparum and P. malariae recurrence many years after initial 

exposure while living in non-endemic areas (Greenwood et al. 2008; Vinetz et al. 1998) 

have been invoked to support this speculative hypothesis. 
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1.4.7 Potential mechanisms of P. vivax retention 

Previous research has showed that the retention of P. falciparum parasites in the spleen 

is largely mechanical (Deplaine et al. 2011; Safeukui et al. 2008), yet potential 

mechanism(s) by which P. vivax may accumulate and remain viable is unclear. 

Rheological studies report that P. vivax clinical isolates have significantly increased 

deformability which, in contrast to P. falciparum (Cranston et al. 1984; Suwanarusk et al. 

2004), suggests they can pass through sinusoidal slits in the spleen and avoid mechanical 

entrapment (Handayani et al. 2009; Suwanarusk et al. 2004). The fact that P. vivax-iRBCs 

are deformable has been proposed to allow then to navigate tissue beyond the 

vasculature in the bone marrow and spleen (Baird 2013). Therefore, it is likely that any 

splenic retention of P. vivax is not based on rigidity. Rosetting and cytoadherence in 

splenic compartments may be other potential mechanisms to avoid passage through slits 

and remain undetected in the spleen. P. vivax-infected RBCs are known to form rosettes 

(Udomsanpetch et al. 1995) and rheologically, these are significantly more rigid than non-

rosetting P. vivax-infected RBCs (Zhang et al. 2016). Rosetting could facilitate mechanical 

retention of P. vivax in the spleen and potentially immune evasion, with the rosette 

allowing avoidance of direct physical contact with host defences. Whether parasite 

rosettes exist in the spleen or other human tissues has not been determined for any of 

the Plasmodium species. 

Sequestration of parasites to the vascular endothelium is well-documented for P. 

falciparum but is not thought to occur to a large degree in P. vivax infections due to the 

detection of all asexual stages in peripheral blood, albeit with underrepresentation of 

mature stages (Field & Shute 1956). Cytoadherence of P. vivax-infected RBCs to 

placental, lung and brain endothelial cells has been shown in vitro (Carvalho et al. 2010; 

Chotivanich et al. 2012; Lopes et al. 2014) mainly involving the mature schizonts stages 

that are at reduced levels in circulation (Lopes et al. 2014). Binding of reticulocyte-prone 

P. yoelii to a spleen blood barrier is evident in mice (Martin-Jaular et al. 2011). These 
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findings suggest that ligand-based adhesion of P. vivax in the spleen is plausible. Vir 

proteins on the surface of P. vivax-infected reticulocytes are proposed to mediate 

adhesion with spleen cells (del Portillo et al. 2004), and have been shown in vitro to 

adhere to endothelial cells via ICAM-1 (Bernabeu et al. 2012). Whether binding of P. vivax 

to splenic cells occur via vir and ICAM-1 complexes remains to be determined. 

 

1.4.8 P. falciparum gametocyte development – role of the spleen? 

Gametocytes are the sexual stage of Plasmodium parasites and play an important role in 

the malaria life cycle. During infection, gametocytes are taken up from the host 

bloodstream by Anopheles mosquitoes and facilitate transmission of the disease. 

Gametocyte development in the host is divided into five morphological stages (Sinden 

2009), however, the underlying mechanism of this process is not well defined. A study on 

the host distribution of P. falciparum found only mature gametocytes present in peripheral 

blood (Smalley, Abdalla & Brown 1981) while developing stages are thought to reside in 

internal organs. Several studies have found immature P. falciparum gametocytes in the 

bone marrow (Aguilar et al. 2014; Joice et al. 2014; Thomson & Robertson 1935), 

particularly spaces devoid of vasculature with reduced circulatory flow (Farfour et al. 

2012). Evidence of gametocyte enrichment in the circulation of splenectomised patients 

(Grobusch et al. 2003) suggests that the spleen may be another extravascular 

compartment facilitating gametocyte development. Recent studies have reported 

immature P. falciparum gametocytes in the spleen in fatal paediatric malaria (Joice et al. 

2014) and humanized mice (Duffier et al. 2016). Whether the spleen supports P. 

falciparum gametocyte development in asymptomatic Plasmodium carriers remains to be 

determined. 

Immature P. falciparum gametocytes undergo significant changes in deformability as they 

mature, where they are highly rigid during early development and rapidly become 

deformable upon maturation (Aingaran et al. 2012; Tibúrcio et al. 2012). In mice infected 
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with P. berghei, early gametocytes have demonstrated preferential homing across the 

vascular barriers of the bone marrow and spleen, subsequent maturation in extravascular 

spaces, and eventual exiting of mature forms back into the vasculature upon increased 

cell deformability (De Niz et al. 2018). In the same murine malaria model, P. berghei 

undergo a cryptic asexual cycle in the bone marrow and spleen with early preferential 

commitment to gametocytogenesis (Lee, Waters & Brewer 2018). It is postulated that 

similar mechanisms occur in P. falciparum infection, however direct evidence in humans 

remains absent.  

 

1.4.9 Spleen study aims and objectives 

The spleen study has a number of aims:  

A) To quantify the clinical consequences of splenectomy, particularly the species-specific 

risks of malaria, in individuals living in malaria-endemic Papua, Indonesia. A large 

retrospective analysis of routine hospital surveillance datasets from 2004-2013 was 

conducted and the comparative risks determined in patients who had undergone 

splenectomy and compared to non-splenectomy patients. In addition, a group of 

splenectomised patients enrolled between 2015-2016 were followed prospectively and 

the risks of malaria over a 14-month period were quantified.  

B) To determine the presence and localization of viable non-phagocytosed Plasmodium 

parasites in the spleen of asymptomatic individuals living in a malaria endemic area. 

Human spleens were collected from hospital patients undergoing splenectomy for any 

reason in Papua, Indonesia. Detection of parasites was performed by PCR and 

microscopy. Histology sections were examined to characterize the localization of non-

phagocytosed parasites within the splenic architecture. Splenectomy patients were 

classified into different groups based on the presence and species of Plasmodium, and 

splenomegaly. It was also investigated whether the spleen is a hidden subclinical 
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reservoir for parasites in asymptomatic individuals without peripheral parasitaemia, and 

whether the spleen is a pool for multiple species in comparison to peripheral blood. 

C) To determine whether there is accumulation of viable non-phagocytosed Plasmodium 

parasites in the human spleen. Parasite concentrations in the spleen and peripheral blood 

were measured by quantitative real-time PCR and microscopy. The spleen-to-peripheral 

parasite loads and the total parasite biomass in each compartment were compared 

between patient groups. In addition, the human spleen as a niche for P. falciparum 

gametocyte development/persistence was investigated by examining spleen tissue for the 

presence and concentration of non-phagocytosed gametocyte stages in asymptomatic 

individuals.  

D) To investigate the underlying mechanisms leading to enlarged spleens (splenomegaly) 

in malaria endemic areas.  

As well as contributing to understanding Plasmodium biology and pathogenesis, 

understanding if and how the spleen can be a hidden reservoir for Plasmodium may 

inform malaria elimination strategies. The outcomes of this study are described in chapter 

4 and 5. 
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1.5 Reticulocytes and P. vivax Tropism 

1.5.1 Reticulocytes: RBC precursors 

RBCs are the most abundant cell type in circulation and principally function to deliver 

oxygen to the tissues. These cells are produced from erythroblasts in the bone marrow 

and prior to becoming mature RBCs (normocytes), exist as a small heterogenous 

population of RBC precursors, termed reticulocytes. During erythropoiesis, a reticulocyte 

is considered to have formed after expulsion of the nucleus from the normoblast stage 

(Bessman 1990). Normocytes and reticulocytes are therefore both anucleated but differ 

in many other biological properties. Reticulocytes contain a mesh-like network of residual 

RNA, are larger in size and irregular in shape, and undergo substantial remodelling of the 

cytoplasm and membrane during a 72-hour maturation process into RBCs (Griffiths et al. 

2012; Malleret et al. 2015). These distinct properties and the use of sub-vital stains have 

enabled differentiation of these two populations in the lab. From the bone marrow, 

reticulocytes are released into the bloodstream to continue maturation and make up 0.4-

3% of circulating blood cells in humans (Bessman 1990).  

 

1.5.2 Reticulocyte maturation and laboratory assays 

Reticulocytes themselves undergo a dynamic and continuous maturation process which 

involves a series of biochemical, biomechanical and metabolic changes. Heterogenicity 

in this population was first defined in 1932 using the differential RNA precipitating dye, 

brilliant Crésyl blue (Heilmeyer & Westhauser 1932). The Heilmeyer stage classification 

comprised four groups (I-IV) in order of increasing maturity that were identifiable from a 

gradual reduction in stained particles as the reticulocytes matured (Heilmeyer & 

Westhauser 1932). After the development of flow cytometry, new detection tools soon 

followed and the use of fluorescent nucleic acid stains to detect and differentiate 
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reticulocytes by RNA content proved to be greatly beneficial in the clinical setting, 

particularly with thiazole orange (Lee, Chen & Chiu 1986).  

More recently, a non-invasive method to categorize reticulocyte maturation was reported 

and the biological properties of the reticulocyte subgroups were comprehensively 

characterized (Malleret et al. 2013). In the process of reticulocyte maturation, several 

subsets of surface receptors are significantly reduced or lost (Blanc & Vidal 2010). One 

of these is the CD71 transferrin receptor, a marker that is gradually reduced and 

eventually removed from the membrane of mature reticulocytes (Harding, Heuser & Stahl 

1983; Pan & Johnstone 1983). CD71 is 760 amino acid-long membrane protein that 

mediates uptake of transferrin-iron complexes (Jandl et al. 1959). The CD71 marker has 

proven useful to examine reticulocyte subsets by flow cytometry and microscopy (Brun, 

Gaudernack & Sandberg 1990; Kono et al. 2009; Woolley et al. 2005), and in conjunction 

with nucleic acid staining has enabled the fine-scale classification of young reticulocytes 

into highly immature (CD71 high expression), moderately immature (CD71 intermediate 

expression) and immature (CD71 low expression) (Malleret et al. 2013). These subsets 

correspond to Heilmeyer stages I-III cells, respectively, and are confined largely to the 

bone marrow with very few Heilmeyer stage III (CD71low) reticulocytes released into 

circulation (Mel, Prenant & Mohandas 1977). In contrast, mature reticulocytes are CD71 

negative but still contain small quantities of organellar remnants and reticular matter which 

can be detected by RNA staining (Malleret et al. 2013). These cells correspond to 

Heilmeyer stage IV and represent the majority of reticulocytes in the bloodstream. In 

addition to the gradual loss of the CD71 transferrin receptor, maturing reticulocytes also 

exhibit a reduction in size, globularity and adhesiveness, while increasing their 

deformability and boric acid levels (Fig 1.4) (Malleret et al. 2013). 
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Fig 1.4 Phenotypic changes in human reticulocytes. Summary of the main 

biochemical, biophysical and metabolic changes in the different reticulocyte subsets as 

categorized by RNA content and CD71 receptor surface expression. Figure taken from 

(Malleret et al. 2013). 
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1.5.3 P. vivax tropism for reticulocytes 

The main factor contributing to a lower parasite biomass in infection with P. vivax 

compared to P. falciparum (Anstey et al. 2012; Baird 2013; Chery et al. 2016) is the 

difference in preferred host cell for invasion. P. vivax merozoites have a strict requirement 

for invading reticulocytes (Craik 1920; Hegner 1938; Kitchen 1938), while P. falciparum 

have the ability to invade RBCs of all ages (Shushan, Blitz & Adams 1936). This distinct 

tropism influences the development of disease and resulting pathology. Host reticulocytes 

provide a more enriched metabolic reservoir for parasite proliferation than mature 

normocytes (Srivastava et al. 2015) and a preference for reproducing in younger versus 

senescent cells is thought to be an advantage, allowing uninterrupted development as 

opposed to premature clearance. Importantly, more recent research has revealed that P. 

vivax merozoites preferentially invade CD71+ immature reticulocytes that are generally 

found in the bone marrow, while CD71- mature reticulocytes found in the bloodstream are 

rarely invaded (Malleret et al. 2015). A greater rate of invasion of highly immature 

(CD71high) versus less immature reticulocytes (CD71low) was not apparent in ex vivo P. 

vivax invasion assays (Malleret et al. 2015), however, this characteristic was reported 

during P. yoelii invasion, reportedly a murine model of P. vivax (Martin-Jaular et al. 2013). 

In addition to the restricted tropism for young reticulocytes, invasion by P. vivax results in 

rapid remodelling of the host cell. A process that generally takes 24 hours to occur for 

non-infected reticulocytes is achieved in 3 to 6 hours post-invasion, characterized by the 

conversion of rigid CD71+ immature reticulocytes into highly deformable CD71- P. vivax-

iRBCs lacking host reticular matter (Malleret et al. 2015; Vryonis 1939). It is therefore 

plausible that P. vivax parasites would accumulate and invade in compartments where 

there is an abundance of CD71+ immature reticulocytes, one of which is the bone marrow 

(Marsee, Pinkus & Yu 2010; Mel, Prenant & Mohandas 1977; Parmley, Hajdu & Denys 

1983). P. vivax parasites have been detected in the bone marrow of humans (Baro et al. 

2017; Imirzalioglu et al. 2006; Ru et al. 2009) and a non-human primate model (Obaldia 
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et al. 2018), however, the occurrence of invasion in this compartment remains 

undetermined. 

An important ligand-receptor complex involved in P. vivax invasion is the interaction 

between the Duffy Binding Protein on P. vivax and the Duffy Antigen Chemokine Receptor 

(DARC) on host cells (Miller  et al. 1976). However, DARC is unlikely to be the specific 

reticulocyte sensor that is targeted by P. vivax due to its expression on mature RBCs 

(Malleret et al. 2013). The specific ligand-receptor complex that allows sensing of CD71+ 

immature reticulocytes by P. vivax is still unclear (Malleret, Rénia & Russell 2017). With 

the knowledge that P. vivax invasion is trypsin-resistant (Barnwell, Nichols & Rubinstein 

1989), trypsin-sensitive CD71 can be excluded as a host candidate (Turkewitz et al. 

1988). To inform vaccine development, research is now focused into narrowing down 

ligand-receptor complexes to those that are trypsin-resistant and expressed on CD71+ 

immature reticulocytes. Recent experiments have shown that immature reticulocyte-

expressed CD98 and P. vivax Reticulocyte Binding Protein-2a form a complex and is 

implicated in the reticulocyte selection by parasites (Malleret et al. 2017). 

 

1.5.4 Human splenic reticulocytes are uncharacterised 

The development of human reticulocytes outside the bone marrow is incompletely 

understood. Several early animal studies have shown that the spleen contains more 

reticulocytes than in peripheral blood, including in cats (Song & Groom 1972), dogs 

(Berendes 1959), rabbits (Kogawa, Sudo & Imai 1977; Sorbie & Valberg 1970) and rats 

(Dornfest, Handler & Handler 1971). Only one study has explored this in humans and 

reported greater reticulocyte levels in spleen imprints compared to peripheral blood in 

adults and children with haemolytic jaundice or anaemia (Berendes 1959). Because 

erythropoiesis is not thought to occur in the spleen due to the absence of splenic 

proerythroblasts (Bowdler 2002; Song & Groom 1972), it is generally accepted that 

reticulocytes in the spleen originate from the bone marrow and undergo their final 
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maturation process in the spleen (Mason, Thomas & Sandhu 1984; Song & Groom 1972), 

however evidence to support this in humans is lacking. Perfusion of rabbit spleens have 

showed that reticulocytes retained in the spleen are of immature stages (Kogawa, Sudo 

& Imai 1977). In mice, CD71+ immature reticulocytes that are released early from the bone 

marrow during erythropoietic stress undergo an in vivo maturation process which is 

inhibited by splenectomy (Rhodes et al. 2016). In vitro experiments show that immature 

CD71+ reticulocytes are more rigid and have increased cytoadherence compared to 

mature CD71- reticulocytes (Malleret et al. 2013), therefore, it is likely that reticulocytes 

that have been identified in the spleen are mostly immature and are retained by 

biomechanical or ligand-based interactions in the splenic slow circulatory beds. Studies 

characterising human reticulocytes and mammalian splenic reticulocytes exist, however, 

reticulocyte populations in the human spleen remain uncharacterised. If less deformable 

immature CD71+ reticulocytes are indeed temporarily trapped in the human spleen, this 

would provide a potential explanation for the accumulation of P. vivax in the splenic 

microcirculatory network as a site for invasion, and potential ongoing invasion-reinvasion 

cycles of infection. The spleen as a source for reticulocyte invasion by Plasmodium is 

supported by findings in P. berghei-infected rodents that show the preferential infection 

of splenic reticulocytes over bone marrow or circulating reticulocytes, and the occurrence 

of cryptic asexual cycles in the hematopoietic tissues (Lee, Waters & Brewer 2018). 

 

1.5.5 Reticulocyte study aims and objectives 

The aim of the reticulocyte study was to determine the maturity of reticulocytes in the 

human spleen in comparison to peripheral blood. Investigations included flow cytometry-

based CD71 phenotyping of normal and reticulocyte-enriched spleen and peripheral 

blood samples from patients splenectomised due to trauma in Papua, Indonesia, and 

phenotyping of perfusates from the physiological flushing of normal human spleens in 

Paris, France. In addition, the rigidity of peripheral and splenic reticulocytes was 
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compared using an in vitro deformability assay that mimics the splenic slow 

microcirculatory beds. The outcomes of this study are described in chapter 6. 

Characterising human splenic reticulocytes has important implications in basic 

haematology and may provide a plausible explanation for the spleen being a site for P. 

vivax accumulation and multiplication. 
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Chapter 2 

Role of Platelets in Human Malaria 
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2.1 Chapter Rationale 

Platelets regulate blood haemostasis and are sentinels of the immune system with 

modulatory roles in disease. The role of platelets in human malaria is not fully understood. 

Cerebral malaria studies suggest platelets are key pathogenic effectors that mediate 

microvascular sequestration, parasite clumping and potentially brain swelling (Bridges et 

al. 2010; Kessler et al. 2017; Pain et al. 2001; Srivastava et al. 2008; Wassmer & Grau 

2016). In contrast, in vitro studies and some, but not other, murine malaria models indicate 

that platelets can kill malaria parasites and mediate survival from infection (McMorran et 

al. 2009; McMorran et al. 2012; Peyron et al. 1989; Polack, Delolme & Peyron 1997). 

There is no direct evidence to support anti-parasitic activity of platelets in humans. In this 

chapter, the ability of platelets to kill Plasmodium was examined in natural human 

infections in malaria-endemic Papua, Indonesia, and Sabah, Malaysia. The impact of this 

host-protective mechanism on parasite burden was assessed. The findings from this 

chapter were published in the journal Blood; the final published article is presented. 
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2.2 Graphical Abstract 
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2.4 Supplementary Materials 

2.4.1 Supplementary methods 

2.4.1.1 Blood collection and parasite biomass 

Peripheral blood was collected from eligible patients using a tourniquet that was removed 

upon venepuncture with a BD 21G butterfly needle. The first 2 millilitres of blood were 

collected into a blank BD Vacutainer® with no additives in Papua, or into a lithium-heparin 

BD Vacutainer® in Sabah, followed by a 4.5 millilitre BD Vacutainer® containing a mixture 

of citrate, theophylline, adenosine and dipyridamole (CTAD). The remaining blood in the 

butterfly tubing was collected into a BD Microtainer® containing EDTA for confirmation of 

blood film microscopy by two qualified microscopists, as well as complete blood count on 

a Sysmex XS-1000i haematology analyser (Hyogo, Japan). Peripheral blood samples 

were transported immediately to the laboratory and processed within 30 min. In Papua, 

blood films were stained with 3% Giemsa and parasite quantitation were finalized using 

the Obare Method (Rosen et al. 2015). In Sabah, blood films were stained with 10% 

Giemsa and asexual parasite counts were calculated from thick blood film microscopic 

parasite count per 200 leucocytes and automated leucocyte count (Grigg et al. 2016a; 

Grigg et al. 2016b). In Sabah, Plasmodium species was confirmed by PCR as described 

previously (Imwong et al. 2014; Padley et al. 2003). Platelet-free plasma was collected 

from CTAD-coagulated blood after two-step centrifugation and stored at -80 °C. In Papua 

patients with P. falciparum, plasma PfHRP2 was measured by ELISA as previously 

described (Dondorp et al. 2005). 

 

2.4.1.2 Platelet binding to infected and uninfected RBC 

In Papua, analysis was from fresh samples and in Sabah from cryopreservation in fixative 

(20 µL blood in 1 mL of 1% (w/v) formaldehyde; CytofixTM (BD Biosciences, Australia) 

diluted with phosphate-buffered saline (PBS).  Fresh blood (5 µL) was stained with anti-
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CD45 (clone HI30) conjugated to Alexa Fluor 488, anti-CD41 (clone HIP8) conjugated to 

phycoerythrin (PE) and DRAQ5 nucleic acid dye (diluted 1:2000) (BioLegend, San Diego, 

CA) for 20 min at room temperature, washed with PBS and fixed in 1%(w/v) 

paraformaldehyde (PFA) in PBS. Fresh samples were acquired on a BD Accuri C6 flow 

cytometer using CFlow Sampler software (BD Biosciences). Fixed blood (20 µL) was 

washed 3 times in PBS/1% bovine serum albumin (BSA) solution, and then stained with 

anti-CD42b (clone HIP1) conjugated to PE, anti-CD45 (clone HI30) conjugated to 

peridinin chlorophyll a protein (PerCP), anti-CD235ab (clone HIR2) conjugated to 

allophycocyanin (APC) (BioLegend, San Diego, CA) and 5 µg/mL Hoechst 33342 (Sigma-

Aldrich, Missouri, US) for 20 min at 4°C, then washed with PBS/1% BSA solution. Fixed 

samples were acquired on a LSR Fortessa flow cytometer and data analysed using FACS 

Diva software (BD Biosciences). At least 500,000 events were collected per sample. All 

Flow cytometric data were analysed using FlowJo software (TreeStar, Ashland, OR) or 

FACS DIVA software (BD Biosciences, Australia). All RBC (CD235ab+) were identified as 

either iRBC (DRAQ5+) or uRBC (DRAQ5-). CD41 platelet marker was used to differentiate 

platelet-bound iRBC or uRBC (CD41+) from platelet-free iRBC or uRBC (CD41-). The 

frequency of platelet-iRBC/uRBC complexes was calculated by dividing the number of 

platelet-iRBC/uRBC events with the sum of platelet-iRBC/uRBC and free iRBC/uRBC 

events, then multiplying by 100. Cells expressing CD45 and CD41 were considered as 

platelet-bound WBC. Calculations to determine platelet-RBC and platelet-WBC per µL 

blood and as a ratio to free platelets are shown in Table 3. 

 

2.4.1.3 Platelet-associated parasite killing 

Blood samples (50 µL) collected in both the Papua and Sabah studies into anticoagulant-

containing tubes (CTAD and citrate, respectively) were fixed in 1 mL of BD Cytofix™ 

solution (diluted 1:4 in PBS). Poly-ethylenimine-coated slides were layered with fixed 

blood and stained overnight with reaction mix from the Apo BrdU TUNEL Assay kit 
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(Molecular Probes, Eugene, OR). TUNEL-labelled DNA was visualized with anti-BrdU 

conjugated to Alexa Fluor 488 (BioLegend, San Diego, CA). Platelets and 

intraerythrocytic localization of PF4 were detected with polyclonal rabbit anti-human PF4 

primary Ab (Abcam, Cambridge, UK) and Cyanine-3-conjugated sheep anti-rabbit 

secondary Ab (Sigma-Aldrich, Missouri, US). Intraerythrocytic Plasmodium DNA was 

identified after mounting with SlowFade™ Gold Antifade Mountant with DAPI (Invitrogen, 

Massachusetts, US). Negative control smears were prepared identically but without 

terminal transferase in the TUNEL reaction. For PF4 and TUNEL labeling of reticulocytes, 

blood from a healthy volunteer was magnetically-enriched for reticulocytes using MACS 

cell separation with anti-human CD71 MicroBeads (Miltenyi Biotec, Germany).  

Immunofluorescent slides were kept in the dark at 4°C and analysed within 2 days on an 

Axio Scope A1 fluorescent microscope (630x magnification) coupled to an Axiocam ICm-

1 CCD camera for the Papua cohort, or an Axio Observer inverted fluorescence 

microscope (630x magnification) coupled to an Axiocam 503 monochrome camera for the 

Sabah cohort. Fluorescent images were processed with ZEN 2 software (all from Carl 

Zeiss, Germany).   

 

2.4.1.4 Platelet activation 

In Papua, 10 µL of CTAD blood diluted 1:10 in HEPES-buffered Tyrode’s (HT) solution 

was stained with PAC-1 conjugated to FITC, anti-CD41 (clone HIP8) conjugated to PE 

and anti-CD62P (clone AK4) conjugated to PE-Cyanine-5, and 20 µL of undiluted CTAD 

blood was stained with anti-CD14 (clone HCD14) conjugated to FITC, anti-CD41 (clone 

HIP8) conjugated to PE and anti-CD15 (clone W6D3) conjugated to PerCP, and 

incubated for 20 min at room temperature. Cells were fixed in 0.5% (w/v) PFA in HT 

solution or 5% (w/v) PFA in PBS followed by 10 min of RBC lysis with double deionized 

water and acquired on a BD Accuri C6 flow cytometer using CFlow Sampler software (BD 

Biosciences). Positive controls were prepared identically with addition of 20 µM thrombin 
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receptor activating peptide (TRAP; Sigma-Aldrich, Missouri, US). Isotype controls were 

prepared for PAC-1 (IgM FITC) and CD62P (IgG1 PE-Cy5) to assist with gating. All Ab 

were purchased from BioLegend (San Diego, CA), except PAC-1 was purchased from 

BD Biosciences.  

Soluble PF4 levels were measured in platelet-free plasma either neat or diluted up to 50 

times using the IMUCLONE™ PF4 ELISA (Sekisui Diagnostics, Lexington, MA) as per 

manufacturer instructions and analysed using a GloMax®-Multi+ Microplate Reader 

(Promega, Sunnyvale, CA).  

In in vitro experiments, platelet activation capacity of platelet preparations was tested by 

flow cytometry using FITC-conjugated mouse anti-human GPIIb/IIIa (PAC-1) and FITC-

conjugated mouse anti-human CD62P (both from BD Biosciences, Australia). 

 

2.4.1.5 Parasite culture  

Plasmodium knowlesi strain A1H1 and P. falciparum strain 3D7 were maintained in a 

complete culture medium (CCM) in flasks filled with 1%O2/3%CO2/96%N2 gas mix, and 

kept in an orbital shaking incubator at 50 rpm at 37°C. Parasitaemias were maintained 

between 0.5% and 10% and checked every 1-2 days using Giemsa-stained thin blood 

smears. CCM was changed every 1-2 days by pelleting cells at 1500 g (P. knowlesi) or 

500 g (P. falciparum) for 5 min and resuspending in fresh CCM. Human RBC and sera 

were provided by Australian Red Cross Blood Service. Blood was washed three times 

using CCM that lacks hypoxanthine, AlbuMAX® I, and human serum, and centrifuged at 

2800 RPM for 5 min for each wash. P. knowlesi strain A1H1 was donated by M. Blackman 

(Medical Research Council National Institute for Medical Research, London, UK). P. 

falciparum strain 3D7 was donated by R. Anders (La Trobe University, Melbourne, 

Australia). 
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2.4.1.6 Platelet purification 

Blood was collected from healthy volunteer donors using 21G needles into BD CTAD 

Vacutainers® (6-8 tubes for each preparation). The first collected tube was discarded. 

Platelet-rich plasma (PRP) was isolated by centrifugation at 170 g for 13 min. Citrate 

dextrose buffer was added to PRP and incubated at 37°C for 30 min. Following 

centrifugation at 1700 g for 7 min, platelets were resuspended in platelet wash buffer and 

rested at 37°C for 30 min. Platelets were pelleted again by centrifugation and 

resuspended in Tyrode’s buffer supplemented with 0.02 U/mL ADPase (as apyrase from 

Solanum tuberosum, EC 3.6.1.5, Sigma-Aldrich, Missouri, US) at concentration of 400 

million platelets/mL, and rested at 37°C for 60 min before addition to the parasite cultures. 

Platelet lysates were prepared by freeze-thawing purified human platelets for three cycles 

of 5 min incubations in an ethanol/dry ice bath followed by 5 min in a 37°C water bath. 

 

2.4.1.7 Culture medium and buffers 

P. knowlesi CCM (RPMI 1640 supplemented with 11.1 mM D-glucose, 25 mM HEPES, 

368 nM hypoxanthine, 3.6 mM NaHCO3, 12 mM NaCl (Sigma-Aldrich, Missouri, US), 46.1 

nM gentamicin, 5 g/L AlbuMAX® I, 3.4 mM L-glutamine (Life Technologies, Australia), 

and 10% (v/v) O+ human serum). 

 

P. falciparum CCM (RPMI 1640 supplemented with 8.8 mM D-glucose, 22 mM HEPES, 

208 nM hypoxanthine (Sigma-Aldrich, Missouri, US), 46.1 nM gentamicin, 2.1 g/L 

AlbuMAX® I, 2.8 mM L-glutamine (Life Technologies, Australia), and 4.2% (v/v) O+ 

human serum). 

 

Citrate dextrose buffer (8.5 mM sodium citrate, 6.5 mM citric acid and 7.6 mM D-glucose). 
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Platelet wash buffer (5.5 mM D-glucose, 0.35% (w/v) human serum albumin, 4.3 mM 

K2HPO4, 4.3 mM Na2HPO4, 24.3 mM NaH2PO4, 113 mM NaCl and 10 mM theophylline). 

 

Tyrode’s buffer (5 mM D-glucose, 5 mM HEPES, 0.35% (w/v) human serum albumin, 2.9 

mM KCl, 1 mM MgCl2, 134 mM NaCl, 12 mM NaHCO3 and 0.34 mM NaH2PO4). 

 

2.4.2 Supplementary Figures 

Figure S2.1 Representative gating strategies 

Figure S2.2 Platelet binding and killing correlations with parasitaemia 

Figure S2.3 Platelet binding in Sabah children 

Figure S2.4 Analysis of purified human platelet preparations 
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Figure S2.1 Representative gating strategies. A) Flow cytometry gating strategy for 

platelet binding to iRBC and uRBC in the Sabah cohort. Flow cytometry gating strategy 

for platelet activation in the Papua cohort, including B) PAC-1 binding and P-selectin 

surface expression, and C) platelet-monocyte and platelet neutrophil aggregates. 

Abbreviations: FS, forward scatter; SS, side scatter; TRAP, thrombin receptor activating 

peptide. 
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Figure S2.2 Platelet binding and killing correlations with parasitaemia. A) Spearman 

correlation of platelet-bound iRBC with parasitaemia in Sabah Pf, Papua Pm and Papua 

mixed species infection. B) Spearman correlation of PF4+TUNEL+ iRBC with parasitaemia 

in Papua Pm, Sabah Pk and Papua mixed species infection. Abbreviations: iRBC, 

infected red blood cells; PF4, platelet factor-4; Pf, P. falciparum; Pm, P. malariae; Pk, P. 

knowlesi. 

  



 
  CHAPTER 2 

 

69 

 

 

Figure S2.3 Platelet binding in Sabah children. A) Frequency of platelet-bound iRBC 

and uRBC by flow cytometry in children with Pv (n=22) and Pk (n=6) malaria (Wilcoxon 

test). Frequency of B) platelet-bound iRBC and C) platelet-bound uRBC in Pv and Pk, 

comparing children (Pv n=22, Pk n=6) to adults (Pv n=63, Pk n=100) (Kruskal-Wallis test). 

D) Inverse correlation between platelet-bound iRBC with parasitaemia in children with Pv 

and Pk malaria (Spearman). Scatterplots indicate median ± interquartile range for each 

group. Parasitaemia values are log transformed. Abbreviations: RBC, red blood cells; 

iRBC, infected RBC; uRBC, uninfected RBC; Pv, P. vivax; Pk, P. knowlesi. 
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Figure S2.4 Analysis of purified human platelet preparations. Eight individual batches 

of platelets, prepared from six different donors, were used in this study. Quiescent (non-

activated) platelets were determined according to MPV <9 fL (A) and MPC >23 (B).  The 

potential for these platelets to be activated in vitro were assessed by flow cytometry by 

measuring the MFI of integrin GPIIb/IIIa (PAC-1 epitope) (C) and P-selectin (CD62P) (D) 

before (untreat) and after treatment with 1U/mL thrombin for 10 min. Abbreviations: ND, 

not determined; MFI, mean fluorescence intensity; MPV, mean platelet volume; MPC, 

mean platelet component. 
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2.4.3 Supplementary Tables 

Table S2.1 Platelet-RBC complexes 

Table S2.2 Platelet binding to PF4-stained and PF4-unstained infected RBC 

Table S2.3 Platelet activation markers in malaria patients and healthy controls 

Table S2.4 Association between platelet activation and platelet-RBC complexes,  

TUNEL+PF4+ iRBC and indicators of disease severity in the Papua cohort 
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Neutrophil Extracellular Traps  

and Neutrophil Activation  

in Human Malaria 

 

  



 
  CHAPTER 3 

 

78 

 

3.1 Chapter Rationale 

In the previous chapter, platelets were found contribute to the control of parasitaemia in 

malaria patients by binding to and killing circulating Plasmodium parasites via the activity 

of platelet factor-4. The findings implicate a host protective role for platelets in the innate 

line of defence against malaria parasites and supports the design of platelet-based 

peptides for malaria treatment. Neutrophils are another type of innate immune cell with 

anti-Plasmodium function, however, the role of neutrophils and their products in human 

malaria is incompletely understood. In this chapter, circulating neutrophil extracellular 

traps (NETs) and neutrophil activation were examined in malaria patients from Papua, 

Indonesia. The role of neutrophil activation and NETs in malaria pathogenesis was 

determined by exploring relationships with parasite biomass and diseases severity. The 

findings from this chapter have been accepted for publication on 7th November 2018 in 

The Journal of Infectious Diseases; the accepted manuscript is presented.    
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3.4 Abstract 

Background: Neutrophil activation results in Plasmodium parasite killing in vitro, but 

neutrophil products including neutrophil extracellular traps (NETs) mediate host organ 

damage and may contribute to severe malaria. The role of NETs in the pathogenesis of 

severe malaria has not been examined. 

Methods: In Papua, Indonesia, we enrolled adults with symptomatic Plasmodium 

falciparum (n=47 uncomplicated, n=8 severe), P. vivax (n=37) or P. malariae (n=14) 

malaria; asymptomatic P. falciparum (n=19) or P. vivax (n=21) parasitaemia; and healthy 

adults (n=23) without parasitaemia. Neutrophil activation and NETs were quantified by 

immunoassays and microscopy, and correlated with parasite biomass and disease 

severity.  

Results: In patients with symptomatic malaria, neutrophil activation and NET counts were 

increased in all three Plasmodium species. In falciparum malaria, neutrophil activation 

and NET counts positively correlated with parasite biomass (Spearman rho=0.41, 

p=0.005 and r2=0.26, p=0.002, respectively) and were significantly increased in severe 

disease. Conversely, NETs were inversely associated with parasitaemia in adults with 

asymptomatic P. falciparum infection (r2=0.24, p=0.031), but not asymptomatic P. vivax 

infection.  

Conclusion: Whilst NETs may inhibit parasite growth in asymptomatic P. falciparum 

infection, neutrophil activation and NET release may contribute to pathogenesis in severe 

falciparum malaria. Agents with potential to attenuate these processes should be 

evaluated. 

 

Keywords: neutrophil, neutrophil extracellular traps, Plasmodium, malaria, neutrophil 

activation, severe, human, innate 
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3.5 Introduction 

Malaria remains a major health burden with more than 200 million symptomatic cases 

and 400,000 deaths annually (WHO 2017). Plasmodium falciparum accounts for the most 

fatalities, though all Plasmodium species can cause severe disease (Anstey et al. 2012; 

Douglas et al. 2013; WHO 2014). Neutrophils are innate immune cells with antimicrobial 

functions and regulate the effector functions of other immune cells (Mantovani et al. 

2011). Multiple studies demonstrate that neutrophils can kill P. falciparum parasites in 

vitro (Chang et al. 2016b; Kumaratilake, Ferrante & Rzepczyk 1990; Nnalue & Friedman 

1988a).  

As well as antiparasitic effects, neutrophil activation in malaria has been linked to 

pathogenesis. Neutrophils are activated in vivax (Leoratti et al. 2012) and severe 

falciparum malaria (Clemens et al. 1994; Mohammed et al. 2003; Pukrittayakamee et al. 

1992), with activation associated with endothelial damage in both uncomplicated 

(Hemmer et al. 1994) and severe falciparum malaria (Feintuch et al. 2016), and 

hepatotoxicity in vivax malaria (Rocha et al. 2015). Severe disease is also associated with 

high expression of neutrophil granule-related genes linked to the innate immune response 

to high parasite load in paediatric falciparum malaria (Lee et al. 2018). Microscopic 

detection of malaria pigment in neutrophils is a prognostic marker in falciparum malaria 

and is predictive of fatal outcomes (Nguyen et al. 1995).  Neutrophil activation is also 

associated with pathogenesis in murine models of malaria (Chen, Zhang & Sendo 2000; 

Sercundes et al. 2016). 

A key mechanism underlying both the pathogen-killing and pathogenic effects of 

neutrophils in other human infections is the release of neutrophil extracellular traps 

(NETs). Activated neutrophils form NETs by releasing extracellular DNA, chromatin and 

granule proteins capable of capturing and destroying pathogens (Brinkmann et al. 2004), 

however, they can also exacerbate angiopoietin-mediated endothelial activation (Lavoie 

et al. 2018) and tissue damage (Brill et al. 2012; Merza et al. 2015). P. falciparum-infected 
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red blood cells (RBCs) stimulate human neutrophils to release NETs in vitro (Sercundes 

et al. 2016). Plasmodium species produce a DNase that degrades NETs, and 

experimental knockout of this DNase results in lower parasitaemia in mice (Chang et al. 

2016b). While NETs may reduce parasite biomass in vivo, other murine studies show that 

host NETosis is linked to tissue damage (Brill et al. 2012; Merza et al. 2015), including 

malaria-associated acute lung injury (Sercundes et al. 2016). 

Key pathogenic processes in severe falciparum malaria include parasite sequestration in 

the microvasculature and endothelial dysfunction, resulting in impaired tissue perfusion 

and organ dysfunction (WHO 2014). NETs have been hypothesized to exacerbate these 

processes and contribute to malaria pathogenesis (Boeltz et al. 2017). A previous study, 

without neutrophil-specific markers, reported the presence of NETs in children with 

uncomplicated falciparum malaria with parasites trapped within (Baker et al. 2008). 

However, the role of NETs in controlling parasitaemia and contributing to malaria 

pathogenesis are not known for any human Plasmodium species. To determine the role 

of NETs in human Plasmodium infection, we measured NETs and neutrophil activation in 

patients with and without infection with P. falciparum, P. vivax or P. malariae, and 

determined relationships with disease severity and parasite biomass. We also determined 

if haemolysis and platelet activation, both known to trigger NET release in other diseases 

(Chen et al. 2014; Clark et al. 2007), were associated with NET formation in malaria.  
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3.6 Methods 

3.6.1 Study site and participants 

The study was conducted between 2014 and 2017 in the Mimika district of southern 

Papua, Indonesia, a region with unstable transmission of P. falciparum, P. vivax and P. 

malariae (Karyana et al. 2008; Pava et al. 2016). Individuals in the following groups were 

enrolled at Rumah Sakit Mitra Masyarakat (RSMM) Hospital: i) uncomplicated malaria 

(UM), defined as a blood smear positive by microscopy for P. falciparum, P. vivax or P. 

malariae, fever or history of fever in the last 48 hours, no clinical evidence of concurrent 

infection or major comorbidity, and no prior antimalarial therapy in the preceding 24 hours. 

ii) Severe malaria (SM), defined according to the WHO 2014 research criteria (WHO 

2014). iii) Controls, defined as visitors or relatives of malaria patients, with no fever or 

history of fever in the preceding 14 days and a blood smear negative for malaria parasites. 

Exclusion criteria included the following: i) pregnant or lactating, ii) aged <16 or >60 years, 

iii) a haemoglobin level ≤7 g/dL. Malaria patients at RSMM were treated as described 

previously (Douglas et al. 2017). Demographic and clinical information were collected 

using a standardized data collection form. Peripheral venous blood collection and 

haematology methods are described in Supplementary Methods. Longitudinal blood 

samples were available for a subset of patients requiring hospital admission and had 

blood recollected before discharge.  

As an additional comparator group to those with symptomatic malaria, adults with 

asymptomatic P. falciparum or P. vivax parasitaemia by microscopy, enrolled in a 2013 

community household survey of the Mimika district (Pava et al. 2016), had NETs 

quantitated on Giemsa slides. Slides were included if asymptomatic individuals were aged 

>16 years, not pregnant, had haematology results available, and were afebrile at 

recruitment (<37.5 °C) and in the preceding 24 hours. 
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The studies were approved by the Human Research Ethics Committees of Gadjah Mada 

University, Indonesia, and Menzies School of Health Research, Australia. Written 

informed consent was obtained from all participants. 

 

3.6.2 Neutrophil activation and parasite biomass (PfHRP2) 

Neutrophil elastase (NE) and proteinase-3 (PR3) concentrations were determined in 

platelet-free plasma using the Human Polymorphonuclear NE Enzyme Linked 

Immunosorbent Assay (ELISA) kit (Abcam, Cambridge, UK) and the PR3 Human ELISA 

kit (HycultBiotech, Uden, Netherlands), respectively. Myeloperoxidase (MPO) 

concentrations were measured in heparin plasma using the Human MPO ELISA kit 

(Abcam, Cambridge, UK). All assays were performed according to manufacturer’s 

instructions. Sample dilutions were adjusted for each assay. Plasma P. falciparum 

histidine-rich protein-2 (PfHRP2), a measure of total parasite biomass, was measured by 

ELISA as previously described (Dondorp et al. 2005).  

 

3.6.3 Neutrophil extracellular traps 

NETs were quantified in a subset of blood samples by conventional Giemsa microscopy 

and immunofluorescent staining. In Giemsa-stained thin smears, NETs were identified at 

1000x magnification as extracellular structures with staining of decondensed chromatin 

associated with fragmented neutrophil-like cells or small granules.  

In the immunofluorescent assay, thin smears were prepared from CTAD-anticoagulated 

blood on glass slides on the day of venipuncture, dried and then stored at -80°C in 

enclosed slide holders. Frozen slides were thawed and rapidly fixed in 4% (w/v) 

paraformaldehyde in phosphate-buffered saline (PBS) for 30 minutes at room 

temperature (RT), then blocked with 5% (w/v) bovine serum albumin plus 0.005% (w/v) 

saponin in PBS for 20 minutes at RT. Samples were stained with rabbit anti-human NE 
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(Merck, Darmstadt, Germany) and mouse anti-human histone H1 (Abcam, Cambridge, 

UK) primary antibodies for 1 hour at RT, followed by secondary labeling for 1 hour with 

goat anti-rabbit IgG conjugated to fluorescein isothiocyanate and sheep anti-mouse IgG 

conjugated to cyanine-3 at RT (both from Sigma Aldrich, Missouri, US). Slides were 

mounted with SlowFade™ Gold Antifade Mountant with DAPI (Invitrogen, Massachusetts, 

US) and kept in the dark at 4°C until ready to read. An Axio Scope A1 fluorescent 

microscope coupled to an Axiocam ICm-1 CCD camera (all from Carl Zeiss, Germany) 

was used to count NETs at 630x magnification, identified as NE-positive cells with 

extracellular string-like structures of DNA positive for histone-H1 and DAPI. 

Giemsa and fluorescent slides were read by two research microscopists (LL and SK) 

blinded to each other’s results. For both methods, the number of NETs was counted as a 

percentage of total neutrophils; slides with <50 neutrophils counted were excluded. The 

number of NETs per µL blood was calculated from automated neutrophil counts in whole 

blood. Parasitized and uninfected RBCs within NETs were quantified from Giemsa slides. 

 

3.6.4 Factors potentially triggering NET release 

Platelet binding to neutrophils and cell-free heme are known triggers of NET release 

(Chen et al. 2014; Clark et al. 2007). Fresh whole blood flow cytometry was used to 

quantify circulating platelet-bound neutrophils as previously published (Kho et al. 2018b). 

Cell-free haemoglobin (CFHb) concentrations were measured on twice-centrifuged 

CTAD-anticoagulated plasma using the Human Haemoglobin ELISA Quantitation Set 

(Bethyl Laboratories, Montgomery, US). 

 

3.6.5 Statistics 

All statistical analyses were performed using GraphPad Prism 7 (GraphPad Software, La 

Jolla, CA) or Stata 14 (StataCorp, Texas, US). The Kruskal-Wallis test followed by Dunn’s 
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multiple comparisons was used for comparisons between controls with P. falciparum 

groups, and between controls with P. vivax and P. malariae. The Mann-Whitney test was 

used for comparisons between severe and non-severe P. falciparum. The Wilcoxon 

matched-pairs signed rank test was applied to paired datasets. Microscopy images were 

processed with ZEN-2 software (Carl Zeiss, Germany) and flow cytometric data were 

analysed using FlowJo (TreeStar, Ashland, OR). Associations between two variables 

were assessed using linear regression with robust standard errors, or Spearman 

correlation. Individuals with a NET count or HRP2 concentration of zero were given a 

value of half of the lower limit of detection for each assay (0.5 and 0.3, respectively). 

Correlations were adjusted for potential confounders using multivariable linear regression 

with robust standard errors. A two-sided value of P<0.05 was considered significant. 
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3.7 Results 

3.7.1 Participant characteristics and neutrophils 

In total, 129 adults were enrolled from RSMM hospital, comprising 8 with severe 

falciparum malaria, 98 with UM (47 falciparum, 37 vivax and 14 malariae malaria) and 23 

with no infection (controls). From the household survey, asymptomatic individuals 

microscopy-positive with P. falciparum (n=19) and P. vivax (n=21) were included in the 

NETs analysis. Baseline characteristics of participants, including parasite biomass, 

haematology results and criteria for SM cases, are listed in Table 3.1. Clinical details of 

SM are described in Table S3.1. Median neutrophil count per µL blood was higher in SM 

(p=0.010) and lower in UM with P. malariae (p=0.0009) compared to controls (Table 3.1 

and Figure S3.1). 

Paired samples collected on admission and discharge from hospital were available for 9 

patients with uncomplicated P. falciparum and 4 with uncomplicated P. vivax malaria. 

Median neutrophil counts were lower on discharge from hospital in all patients and this 

was statistically significant for falciparum malaria (4,400 vs 2,200 per µL blood [p=0.012], 

Wilcoxon test).  

 

3.7.2 Neutrophil activation is increased in human malaria 

NE and PR3 concentrations were elevated in UM from all species compared to controls 

(p<0.0005), and in falciparum malaria were proportional to disease severity (p<0.0005); 

Figure 3.1A and 3.1B, and Table S3.2. The third marker, MPO, was significantly higher 

in SM relative to UM and controls (both p<0.0001), but was not elevated in any group of 

UM patients; Figure 3.1C and Table S3.2. Differences in activation markers between 

groups remained significant after adjusting for neutrophil counts (all p<0.0005, except 

MPO p<0.05). Longitudinally, NE and PR3 concentrations had fallen by hospital  
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Footnotes to Table 3.1: 

All values are median [interquartile range] unless otherwise indicated. 

a Severe malaria criteria encountered: cerebral malaria (Glasgow Coma Score ≤10 for >30 minutes) (n=1), jaundice 

(visible jaundice OR creatinine >1.5 mg/dL OR bilirubin >3 mg/dL AND >100,000 parasites/µL) (n=5), acute renal 

failure (creatinine >3 mg/dL +/- urine output <400 mL/day OR urea > 20 mM) (n=2), hypoglycemia (plasma glucose 

<40 mg/dL) (n=1), hyperparasitaemia (asexual parasitaemia >10%) (n=4), and respiratory distress (respiratory rate 

>30/minute AND O2 saturation <92%) (n=1). See Table S1 for clinical features in severe malaria patients. 

b Kruskal-Wallis with Dunn’s multiple comparisons test between controls, and asymptomatic, uncomplicated and 

severe P. falciparum. 

c Kruskal-Wallis with Dunn’s multiple comparisons test between controls, asymptomatic and uncomplicated P. vivax, 

and uncomplicated P. malariae. 

d Previously published data (Kho et al. 2018b). 

Significantly different to control: ****p<0.0001, *** p<0.0005, ** p<0.005, *p<0.05. 

Significantly different to severe P. falciparum: ####p<0.0001, ###p<0.0005, ##p<0.005, #p<0.05 (Mann-Whitney test). 

Abbreviations= UM, uncomplicated malaria; HRP2, histidine-rich protein-2.  
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Figure 3.1 Neutrophil activation in human malaria. Markers for neutrophil activation 

were quantified by ELISA in frozen plasma from malaria patients and controls. Markers 

included neutrophil elastase (A) and proteinase-3 (B), determined in 23 controls, 8 

patients with severe P. falciparum (Pf), 46 uncomplicated malaria (UM) patients with Pf, 

13 UM with P. malariae (Pm) and 36 UM with P. vivax (Pv). A third marker, 

myeloperoxidase (C), was measured in 23 controls, 7 patients with severe Pf, 47 with UM 

Pf, 14 with UM Pm and 37 with UM Pv. Plots show median and individual data points in 

each group. The Kruskal-Wallis with Dunn’s multiple comparisons test was used for 

statistical comparisons to controls. Significant differences in all plots are signified by 

asterisks (***p<0.0005, ****p<0.0001). The Mann-Whitney test was used for comparison 

between UM and severe Pf (#p<0.0005, ##p<0.0001). Data presented in Table S3.2.  
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Figure 3.2 Neutrophil activation in malaria inpatients on admission and discharge 

from hospital. Paired data (connected dots) were available for 9 P. falciparum (Pf) and 

3 P. vivax (Pv) patients whom were admitted and had neutrophil elastase (A) and 

proteinase-3 (B) concentrations tested again before being discharged from hospital. The 

Wilcoxon test was used for statistical comparisons. Significant differences are signified 

by asterisks (*p<0.05, **p<0.005).   
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discharge in falciparum (p=0.004 and p=0.008, respectively) and vivax malaria patients; 

Figure 3.2A and 3.2B. 

 

3.7.3 Circulating neutrophil extracellular traps are elevated in human malaria 

NETs were visualized using two methods – Giemsa staining and immunofluorescence; 

Figure 3.3. Images of normal neutrophils not undergoing NETosis are illustrated in Figure 

3.3Ai and 3.3Bi (lower cell), with NETosis seen in Figures 3.3Aii-ix and 3.3Bii-x. When 

quantified by Giemsa staining, median number of NETs per µL blood were higher in UM 

than controls for all species; Figure 3.3C and Table S3.2. In falciparum malaria, the 

number of NETs was increased in proportion to disease severity; Figure 3.3C and Table 

S3.2. 

In the immunofluorescent assay, circulating NETs were similarly elevated in UM relative 

to controls in all species, and in the falciparum patients higher in SM compared to UM 

(p<0.005); Figure 3.3D and Table S3.2. In patients with paired samples collected on 

admission and hospital discharge, circulating NET counts in patients with falciparum and 

vivax malaria were higher on admission compared to discharge, although this only 

reached significance for P. falciparum (p=0.016); Figure 3.4A and 3.4B.  

In total 80 samples had NETs quantified by both immunofluorescence and Giemsa 

staining. Bland-Altman results indicated that Giemsa stains generally returned higher 

NET counts than immunofluorescence, but the difference in NET counts were still within 

the 95% confidence interval; Figure S3.2A. The correlation rho-squared between the two 

methods was 0.133; (p=0.001); Figure S3.2B. 

The size, shape and frequency of NETs varied between samples; Figure 3.3A and 3.3B. 

In patients with malaria, parasitized RBCs were observed on Giemsa staining to be in 

direct contact with at least one NET in 29% (10/35) of patients with P. falciparum; Figure 

3.3Aii-iv. NET contact with parasitized RBCs was apparent in 38% (6/16) of patients with  
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Figure 3.3 Circulating NETs in human malaria. Giemsa (A) and 3-color 

immunofluorescent staining (IF) (B) were used to visualize NETs in blood smears from 

controls and malaria patients. These were identified as extracellular web-like structures 

of decondensed chromatin released by neutrophils. NETs were positive for DNA, histones 

and neutrophil elastase by IF. A small proportion of circulating NETs were found to contain 

parasitized RBCs (iRBCs) with P. falciparum (Pf) (Aii-iv), P. vivax (Pv) (Av,vi) and P. 

malariae (Pm) (Aix), though the majority of NETs contained uninfected RBCs (Avii,viii). 

Parasitized RBCs nearby NETs were more frequent (Bi,iv,viii). The number of NETs per 

µL blood was quantified by Giemsa (C) and IF staining (D) in controls (n=12), severe 

patients with Pf (Giemsa n=6 and IF n=8), and uncomplicated malaria (UM) patients with 
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Pf (Giemsa n=29 and IF n=28), Pm (Giemsa n=12 and IF n=13) and Pv (n=16). Additional 

Giemsa stains from asymptomatic Plasmodium carriers with Pf (n=19) and Pv (n=21) 

were analyzed for NETs (C). Plots show median and individual data points in each group. 

The Kruskal-Wallis with Dunn’s multiple comparisons test was used for statistical 

comparisons to controls. Significant differences in all plots are signified by asterisks 

(*p<0.05, **p<0.005, ****p<0.0001). The Mann-Whitney test was used for comparison 

between UM and severe Pf (#p<0.005, ##p<0.0005). Data presented in Table S3.2.  
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Figure 3.4 Circulating NETs in malaria inpatients on admission and discharge from 

hospital, and percentage of NETs containing parasites in falciparum and vivax 

malaria. Paired NET counts (connected dots) were available for 7 P. falciparum (Pf) (A) 

and 4 P. vivax (Pv) patients (B) whom were admitted and had NETs quantified again by 

immunofluorescence before being discharged from hospital. The Wilcoxon test was used 

for statistical comparison. In patients with NET-bound parasites, the percentage of NETs 

containing parasites in each sample was compared between Pf and Pv (C). Plots show 

median and individual data points in each group. The Mann-Whitney test was used for 

statistical comparisons. Significant differences in all plots are signified by asterisks 

(*p<0.05).  
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P. vivax and 8% (1/12) with P. malariae; Figure 3.3Av,vi and 3.3Aix, respectively. In 

patients with NET-bound parasites, the median percentage of NETs that contained 

parasites was higher in P. falciparum than P. vivax (Figure 3.4C), with NETs containing 

1-2 parasites in P. falciparum (all rings) and a maximum of one parasite in P. vivax (either 

a ring or trophozoite). Among patients with malaria, the majority of NETs contained 

between 1 and 9 uninfected RBC; Figure 3.3A. While the immunofluorescent assay 

confirmed the presence of NETs in malaria and could identify parasitized RBCs in close 

proximity to NETs (Figure 3.3Bi,iv,viii), parasites were not visualized inside NETs due 

to overlap in the staining of parasite and host nuclear material. 

NETs were also present in asymptomatic parasitaemia, with median numbers per µL 

blood significantly elevated relative to controls in both asymptomatic P. falciparum and P. 

vivax infections; Figure 3.3C. Ring and trophozoite-stage parasites were present within 

NETs in 10.5% (2/19) of individuals with asymptomatic P. falciparum infection, but none 

in those with P. vivax.  

 

3.7.4 NETs and neutrophil activation correlate with parasite biomass in malaria 

In UM with P. falciparum, parasite biomass correlated with neutrophil counts, NE and 

MPO concentrations, and NET counts; Figure 3.5A. The correlation between parasite 

biomass and NET counts remained significant after adjusting for neutrophil counts and 

NE or MPO concentrations (p<0.02). In patients with P. vivax, peripheral parasitaemia 

correlated with neutrophil counts, NE, PR3 and MPO concentrations, and NET counts; 

Figure 3.5B. The associations between P. vivax parasitaemia and neutrophil activation 

markers remained significant after adjusting for neutrophil counts (NE p=0.0004, PR3 

p<0.0001, MPO p=0.001). There was no correlation between peripheral parasitaemia and 

neutrophil parameters in 14 patients with UM due to P. malariae. In SM, there were strong 

associations between parasite biomass and neutrophil activation markers (NE Spearman 

r=0.96, p=0.003; PR3 r=0.76, p=0.048, both n=7); Figure 3.5A. 
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In contrast to symptomatic malaria, NET counts were inversely correlated with 

parasitaemia in asymptomatic P. falciparum infection (p=0.031; Figure 3.6) and this 

remained significant after adjusting for neutrophil counts (p=0.028). There was no 

association between NET counts and asymptomatic P. vivax parasitaemia; Figure 3.6. 

 

3.7.5 NETs, platelet-bound neutrophils and haemolysis 

Median platelet-bound neutrophils were significantly lower in malaria from each 

Plasmodium species relative to controls; Table 3.1. The number of platelet-bound 

neutrophils correlated with NET counts in UM patients with P. falciparum (linear 

regression with robust standard errors, r2=0.17, p=0.049, n=27) and P. malariae 

(Spearman r=0.66, p=0.031, n=11), which remained significant after adjusting for P. 

falciparum biomass and platelet counts (p=0.012). Median CFHb concentrations were 

significantly higher in vivax and severe falciparum malaria relative to controls; Table 3.1. 

CFHb correlated with parasite biomass and NE concentrations in UM with P. falciparum 

(Spearman r=0.32, p=0.029 and r=0.30, p=0.047, respectively, both n=46), and a trend 

with MPO in SM (Spearman r=0.75, p=0.066, n=7). There was no correlation between 

CFHb and NET counts in any of the patient groups. 
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Figure 3.6 Correlation between parasitaemia and NETs in asymptomatic 

Plasmodium carriers. Linear regression (with robust standard errors) between 

parasitaemia and circulating NET counts in asymptomatic individuals with P. falciparum 

(n=19) or P. vivax infection (n=21). Parasitaemia values were log transformed.  
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3.8 Discussion 

In adults with uncomplicated falciparum, vivax and malariae malaria, circulating NETs and 

neutrophil activation were increased compared to aparasitemic controls. The presence of 

parasites inside NETs and the inverse relationship between NETs and parasitaemia in 

asymptomatic P. falciparum infection are consistent with antiparasitic effects of NETs. 

However, the direct association between NETs and neutrophil activation with parasite 

biomass in falciparum and vivax malaria, suggests only a limited antiparasitic effect in 

clinical disease. In symptomatic falciparum malaria, these markers were elevated in 

proportion to disease severity, suggesting that both neutrophil activation and NET 

formation may contribute to malaria pathogenesis. 

Our findings support previous studies investigating neutrophil activation in falciparum and 

vivax malaria (Clemens et al. 1994; Feintuch et al. 2016; Hemmer et al. 1994; Leoratti et 

al. 2012; Mohammed et al. 2003; Pukrittayakamee et al. 1992; Rocha et al. 2015), and 

provide evidence of neutrophil activation in P. malariae patients. NE and PR3 were 

increased in malaria from each Plasmodium species and across disease severity, and 

are known mediators of acute lung injury in murine malaria models (Sercundes et al. 

2016) and vascular damage in vitro (Ballieux et al. 1994). MPO, which was elevated only 

in severe falciparum malaria, has been linked to impaired parasite clearance (Theeß et 

al. 2017). Uncontrolled malarial neutrophil activation impairs function (Cunnington et al. 

2011; Cunnington et al. 2012; Dasari et al. 2011), reduces chemotaxis (Leoratti et al. 

2012), compromises endothelial integrity (Gillrie & Ho 2016; Hemmer et al. 1994; Hemmer 

et al. 2005), and has been associated with cerebral vasculopathy in children with cerebral 

malaria (Feintuch et al. 2016) and liver damage in vivax malaria (Rocha et al. 2015).  

Specific neutrophil immunofluorescent markers confirm that extracellular traps previously 

seen in children with falciparum malaria (Baker et al. 2008) may indeed be NETs, and 

this is now confirmed in adult patients with falciparum, vivax and malariae malaria. Further 

studies quantifying NETs in children with malaria and the association with disease 
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severity are warranted. NE and MPO are known to promote chromatin decondensation 

and NET formation (Papayannopoulos et al. 2010), and are thus likely to stimulate 

NETosis in malaria for each parasite species, particularly in severe disease.  

Platelet binding to neutrophils is an important mechanism for NET formation in sepsis 

(Clark et al. 2007), and platelet-neutrophil complexes have greater adhesive properties 

and capacities to undergo oxidative bursts (Peters et al. 1999), a key trigger for NETosis. 

In malaria patients, circulating platelet-bound neutrophils were reduced, hence these 

complexes are either lost, migrate to tissues, or form NETs. The positive correlations 

between platelet-bound neutrophils and NETs in malaria patients suggest that platelet-

neutrophil interactions contribute to NET formation in human malaria. Haemolysis is 

associated with endothelial and organ dysfunction in SM (Plewes et al. 2017; Yeo et al. 

2009) and stimulates NET formation in sickle cell disease (Chen et al. 2014). In the 

present study, plasma CFHb was associated with neutrophil activation, but not NETs, 

suggesting that haemolysis may promote SM through mechanisms other than NET 

formation. 

Parasites trapped within NETs and the inverse relationship between NETs and 

asymptomatic P. falciparum parasitaemia highlight a potential antiparasitic function. 

Despite the paucity of asymptomatic individuals with parasites visible inside NETs, it is 

plausible that NET-mediated protection contributes to control of P. falciparum replication 

in low parasitaemia infections, as seen in asymptomatic parasitaemia, where the 

neutrophil dysfunction that occurs in clinical disease (Cunnington et al. 2011; Cunnington 

et al. 2012; Dasari et al. 2011) is not apparent. A greater anti-parasitic effect on P. 

falciparum was also supported indirectly by the higher frequency of NETs containing P. 

falciparum than P. vivax in clinical disease.   

Associations between NE and parasite biomass have been reported previously in 

falciparum malaria (Pukrittayakamee et al. 1992), but not for other activation markers or 

in vivax malaria. We show that direct (NETs) and indirect markers (NE, PR3 and MPO) 
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of neutrophil activation are each associated with P. falciparum and P. vivax parasite 

density, key determinants of disease severity from each species (Barber et al. 2015; 

Dondorp et al. 2005). The correlation between NETs and parasite biomass in clinical 

disease is consistent with the direct stimulation of NETs by P. falciparum seen in vitro 

(Sercundes et al. 2016), and also an inability of NETs to control parasite biomass in 

clinical disease. This inability may be related to the significant dysfunction of neutrophils 

that is found in symptomatic falciparum malaria (Cunnington et al. 2011; Cunnington et 

al. 2012; Dasari et al. 2011). After antimalarial treatment and recovery, elevated 

neutrophil activation and circulating NET counts in discharged patients returned to control 

levels, consistent with the rapid and early resolution of parasite-induced neutrophil 

activation and NET release following clearance of parasitaemia.  

The association between NETs and disease severity in clinical disease suggests a 

contribution from neutrophil activation and NETs to malaria pathogenesis (Boeltz et al. 

2017). NETs have been identified in the blood and lungs of mice suffering from malaria-

associated lung injury, where depletion of neutrophils reduced tissue damage and 

increased mouse survival (Sercundes et al. 2016). Accumulation of neutrophils in the 

inter-alveolar spaces of P. vivax patients dying from respiratory complications (Lacerda 

et al. 2012; Valecha et al. 2009) has also been reported, however, the presence of NETs 

has not been examined. It was notable that the single severe falciparum malaria patient 

with acute lung injury had markedly elevated circulating NETs and neutrophil activation 

markers, however the patient also had multiple other severity criteria, including coma. 

Marked NETosis was also seen in others with multiorgan failure, including severe acute 

kidney injury. In paediatric cerebral malaria, a lack of neutrophils and NETs in brain 

autopsies has been described (Feintuch et al. 2016), suggesting local NET formation may 

not be a contributing factor to coma. Studies examining NETs in organs outside the brain 

in SM are warranted. 
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Multiple mechanisms have been proposed for how NETs may promote SM (Boeltz et al. 

2017). NET products such as metalloproteinases, PR3 and NE are known to breakdown 

endothelial glycocalyx (Becker et al. 2015), a carbohydrate-rich layer important in 

maintaining endothelial integrity. Glycocalyx loss is considered a key event in SM 

pathogenesis (Hempel, Pasini & Kurtzhals 2016). Angiopoietin-induced NET release may 

also contribute to angiopoietin-mediated endothelial activation (Lavoie et al. 2018) and 

accentuate the microvascular dysfunction due to parasite sequestration (Yeo et al. 2008). 

Further, the increase in NETs may exacerbate intravascular thrombosis (Brill et al. 2012) 

and promote ischemia and reduced tissue perfusion (Boeltz et al. 2017). 

The mechanisms leading to malarial anaemia are not well understood. It was notable that 

the majority of circulating NETs in our malaria patients contained uninfected RBCs. 

Accumulation of RBCs within NETs has been described in models of thrombosis (Brill et 

al. 2012), and uninfected RBC phagocytosis by neutrophils also occurs ex vivo in the 

presence of P. vivax (Rocha et al. 2015). These findings suggest that neutrophil-mediated 

loss of bystander RBCs may be a possible contributor to anaemia from both falciparum 

and non-falciparum malaria.  

Giemsa stains generally returned higher NET counts than neutrophil-specific 

immunofluorescent staining. Overestimation of NETs in the Giemsa stains was likely due 

to the difficulty in differentiating extracellular traps originating from neutrophils versus 

other white blood cells (Goldmann & Medina 2012). However, both methods were able to 

show comparable differences between malaria patients and controls, suggesting that both 

methods are appropriate for quantifying NETs. 

In conclusion, our study indicates that neutrophils play an important role in malaria. 

Neutrophil activation and circulating NET formation were increased in clinical illness with 

P. falciparum, P. vivax and P. malariae, and were highest in patients with severe disease. 

In asymptomatic P. falciparum infection where parasitaemias are low and neutrophil 

dysfunction is not apparent, NETs may inhibit parasite growth. However, in symptomatic 
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malaria, the associations of neutrophil activation and NETs with parasite biomass and 

disease severity support the notion that neutrophil activation and NETs contribute to 

malaria pathogenesis. While it is not known whether interventions targeting these 

processes would be timely in those presenting with severe malaria, agents which 

attenuate neutrophil activation and NET release should be further evaluated as potential 

adjunctive agents for severe malaria.  
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3.10 Supplementary Materials 

3.10.1 Supplementary methods on blood collection and haematology 

Patient peripheral venous blood was collected into 3 blood tubes in the following order; 2 

mL BD Vacutainer® with no additives, 4.5 mL BD Vacutainer® containing a mixture of 

citrate, theophylline, adenosine and dipyridamole (CTAD), and a 10 mL BD Vacutainer® 

containing lithium-heparin. Blood remaining in the butterfly tubing was collected into a BD 

Microtainer® containing ethylenediaminetetraacetic acid to make blood smears and 

obtain a complete blood count on a Sysmex XS-1000i haematology analyser (Hyogo, 

Japan). Patient blood smears were stained with 3% Giemsa and read in the research lab 

by two qualified microscopists to confirm hospital diagnoses and determine parasite 

counts (Obare Method Calculator). Patient platelet-free plasma from twice-centrifuged 

CTAD-coagulated blood and heparin plasma were collected and stored at -80°C. 

Longitudinal blood samples (except heparinised blood) were available for a subset of 

patients requiring hospital admission and had blood recollected upon hospital discharge. 

 

3.10.2 Supplementary Figure list 

 Figure S3.1 Distribution of neutrophils between infection groups 

Figure S3.2 Comparison of Giemsa and immunofluorescent staining to count 

NETs 
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Figure S3.1 Distribution of neutrophils between infection groups. Neutrophil counts 

and percentages from automated blood counts in controls (n=23), individuals with 

asymptomatic P. falciparum (Pf) (n=19), uncomplicated malaria (UM) with Pf (n=46), 

severe Pf (n=8), asymptomatic P. vivax (Pv) (n=21), UM with Pv (n=35) and UM with P. 

malariae (Pm) (n=13). Plots show median with individual datapoints in each group. The 

Kruskal-Wallis with Dunn’s multiple comparisons test was used for statistical comparisons 

to controls. Significant differences in all plots are signified by asterisks (*p<0.005, 

**p<0.0005, ***p<0.0001). The Mann-Whitney test was used for comparison between Um 

and severe Pf (#p<0.05, ##p<0.0001). Data presented in Table 3.1. 
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Figure S3.2 Comparison of Giemsa and immunofluorescent staining to count NETs. 

The Bland-Altman plot (A) and simple linear regression with robust standard errors (B) 

were used to compare NET counts per µL blood from 80 samples analyzed by Giemsa 

and immunofluorescent staining (IF). NET count data were combined from all patients 

and controls. The Bland-Altman plot shows the average NET count for each patient on 

the x-axis ([Giemsa + IF] ÷ 2), and the difference between NET counts for each patient 

on the y-axis (Giemsa – IF). Dotted lines represent the 95% confidence interval.  
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3.10.3 Supplementary Table list 

Table S3.1 Clinical features of severe malaria patients 

Table S3.2 Neutrophil activation and NETs in malaria patients 
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Chapter 4 

Risk of Malaria After Splenectomy 
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4.1 Chapter Rationale 

In the previous chapter, circulating neutrophil extracellular traps and neutrophil activation 

increased in proportion to parasite biomass and disease severity in human malaria, 

suggesting NETs and neutrophil activation may contribute to malaria pathogenesis. 

Another major component involved in innate (as well as adaptive) protection during 

malaria is the spleen. Biomechanical filtration properties enable retention and clearance 

of parasitised cells in the spleen, and immunity is thought to develop from malaria-specific 

B and T cell responses originating in this organ. However, a small body of evidence in the 

form of case reports, autopsy findings and murine studies suggests the spleen may also 

harbour a hidden parasite biomass that may contribute to pathogenesis, transmission, 

and even dormancy. The validity of these hypotheses warrants further investigation.  

To further understand the role of the spleen in human malaria, this thesis conducted two 

studies investigating individuals that had their spleen surgically removed, and were living 

in an area endemic for both P. falciparum and P. vivax. First, a large retrospective analysis 

of hospital records over a 10-year period was conducted to determine the risk of malaria 

in splenectomised individuals which, until now, was not previously known for P. vivax. The 

risk analysis was complemented by a small prospective cohort of patients undergoing 

splenectomy that were followed for 14 months and who were enrolled as part of the 

‘Timika Spleen Study’ which aimed to understand the role of the spleen in Plasmodium 

biology (chapters 5 and 6). In this chapter, the retrospective and prospective analyses of 

malaria risks are presented in the form an article published in the journal Clinical 

Infectious Diseases. 



 
  CHAPTER 4 

 

115 

 

4.2 Published Article  
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4.3 Afterword 

4.3.1 Additional discussion 

This chapter discusses the increased risk of malaria after splenectomy in malaria endemic 

Papua, Indonesia, and found that the risk was greater for P. vivax than P. falciparum, and 

that the risk of P. vivax was highest in the first 4 weeks after splenectomy. The study 

hypothesised a number of potential reasons for the increased malaria risks following 

splenectomy. 

Firstly, in the presence of a pre-existing submicroscopic asymptomatic infection, loss of 

splenic clearance and immunity following splenectomy would likely allow greater 

peripheral parasite multiplication and the development of symptoms and clinical illness. 

Secondly, increased risk of P. falciparum following trauma has been reported, termed 

postinjury malaria (Aina 1983; Heger et al. 2005; Husum, Heger & Sundet 2002). It is also 

possible that trauma, including the original traumatic injury or the trauma of surgery, may 

have triggered vivax relapse. While a large proportion of patients described in this chapter 

were splenectomised for trauma-related injuries, a sensitivity analysis showed that 

trauma was not a risk factor for malaria in the retrospective study (Kho et al. 2018a).  

Thirdly, many patients receive transfusion following trauma-related acute blood loss. 

Transfusion-transmitted malaria is known to occur in malaria endemic areas (Alho et al. 

2017) and sudden iron supplementation from the transfused cells can also increase 

susceptibility to new infections (Clark et al. 2014). Transfusion, as well as haemolysis, are 

also thought to be triggers for P. vivax relapses (Shanks 2017). While data on patient 

transfusions were not available in the large retrospective risk analysis, 2 of 11 patients in 

the prospective cohort of this chapter were transfused of which 1 had vivax malaria 8 days 

after splenectomy.  
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4.3.2 Publication outcomes 

A major outcome of this study was the development a protocol for the management of 

splenectomised patients not previously applied in Papua. This was introduced for patients 

in the prospective cohort and was developed in conjunction with local clinicians based on 

international guidelines and recommendations (Spelman et al. 2008). Upon recovery, 

patients were given post-splenectomy meningococcal, pneumococcal haemophilus and 

influenza vaccinations with Menveo®, Prevenar 13®, Hiberix® and influvac®. Patients 

found to have Plasmodium infection (according to detection methods in chapter 5, section 

5.6.3.2) were given local antimalarial treatment as previously described (Douglas et al. 

2017). Before being discharged, patients were tested for HIV for clinical purposes and 

were provided with 3 grams of emergency amoxicillin. Local clinicians and the District 

Health Authority deemed daily antibiotic prophylaxis unsustainable. Patients were 

requested to consume all 3 grams of antibiotic in the event of sudden fever or illness and 

immediately return to the hospital. This information was provided in a booklet written in 

Bahasa Indonesia and contained additional important information on the daily risks and 

preventative measures for individuals without a spleen. Radical cure of malaria (3 days 

dihydroartemisinin-piperaquine plus 14 days primaquine) was introduced in this region at 

the end of this study. 
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4.4 Supplementary Materials 

4.4.1 Supplementary File 1 

Definitions for diagnosis of trauma  

In the sensitivity analysis, the risks of splenectomy were compared to non-splenectomy 

trauma controls (a subgroup of the primary comparator group restricted to patients 

admitted to hospital for trauma). Patients admitted for trauma were determined by 

searching for diagnoses containing the following words: "trauma", "Trauma", "Traumatic", 

"fracture", "disloc","Disloc", "superficial injuries", "Superficial injuries", "Motorcycle", 

"injuries", "Injuries", "Contusion", "injury", "Injury", "Car occup", "Driver", "Pedestrian", 

"motor", "vehicle", "Unspecified fall". 

 

4.4.2 Supplementary Table list 

Table S4.1 Reason for splenectomy 

Table S4.2 Risk of representation to hospital with malaria, death, and admission 

with different clinical outcomes within 12 months of splenectomy versus non-

splenectomy trauma controls 

Table S4.3 Characteristics of 11 splenectomised patients followed prospectively 

Table S4.4 Risk factors at initial presentation for representing with any malaria, 

P. falciparum, or P. vivax within 4 years 

Table S4.5 Risk factors at initial presentation for dying within 12 months 

Table S4.6 Risk factors at initial presentation for representing to hospital within 

12 months 

Table S4.7 Risk factors at initial presentation for admission to hospital within 12 

months 
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Table S4.8. Risk factors at initial presentation for being admitted with pneumonia 

within 12 months 

Table S4.9 Risk factors at initial presentation for being admitted with diarrhea 

within 12 months 

Table S4.10 Risk factors at initial presentation for being admitted with Sepsis 

within 12 months 

Table S4.11 Risk factors at initial presentation for being admitted with cellulitis 

within 12 months 

Table S4.12 Risk factors at initial presentation for being admitted with 

tuberculosis within 12 months 

Table S4.13 Risk factors at initial presentation for being admitted with urinary tract 

infection within 12 months 
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Table S4.1 Reason for splenectomy 

Reason for splenectomy Number of patients (%) 

 Trauma 50 (74.6) 

 Passenger in vehicle accident 16 

 Pedestrian in vehicle accident 2 

 Assault by sharp object 4 

 Assault by blunt object 5 

 Assault by bodily force 20 

 Unspecified fall 3 

 Non-trauma 2 (3) 

 Unclear 15 (22.4) 

Total 67 (100) 
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Table S4.3 Characteristics of 11 splenectomised patients followed prospectively 

  
 

Variable 

Splenectomy  

Patients 
 Number (%) 

Gender  

    Male 9 (81.8) 

    Female 2 (18.2) 
  

Ethnicity  

    Non-Papuan 3 (27.3) 

    Highland-Papuan 6 (54.5) 

    Lowland-Papuan 2 (18.2) 
  

Age (years)  

    Median [Range] 30 [15-46] 
  

Parasitaemia 

during surgery 

    Negative 7 (63.6) 

    P. falciparum 3 (27.3) 

    P. vivax 1 (9.1) 

  

Patients with malaria  

within 14 months 
 

    None 3 (27.3) 

    P. falciparum only 0 

    P. vivax only 3 (27.3) 

    Both species 5 (45.4) 

  

Total 11 (100) 
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Chapter 5 

Is there a Hidden Parasite Biomass 

in the Spleen in Human 

Plasmodium Infection? 
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5.1 Chapter Rationale 

I have previously reviewed the protective role of the spleen in chapter 1, with the spleen 

responsible for parasite clearance and immunity through both biomechanical and immune 

mechanisms (Chotivanich et al. 2002; Grun, Long & Weidanz 1985; Kumar et al. 1989; 

Urban et al. 2005; Weiss 1989).  

The increased risk of both vivax and falciparum malaria after splenectomy shown in 

chapter 4 is consistent with the loss of this protective role. However, as outlined in chapter 

1, there is evidence, albeit mostly indirect, that the spleen may also harbour a hidden 

biomass of P. vivax asexual stages (Barber et al. 2015; Fonseca et al. 2017; Siqueira et 

al. 2012). While the spleen actively screens and clears a large proportion of infected red 

blood cells (iRBCs), I speculate that schizogony and invasion re-invasion cycles may also 

occur in this reticulocyte-enriched organ, with a hidden proportion of parasites potentially 

remaining localised in the spleen. I also speculate that in the absence of a spleen, there 

is less trapping of immature reticulocytes resulting in a higher proportion circulating in 

peripheral blood (a hypothesis tested in chapter 6). 

In the following chapter, I test whether non-phagocytosed iRBCs accumulate in the 

human spleen and whether this is greater in P. vivax than P. falciparum. Formation of a 

hidden biomass reservoir of non-phagocytosed asexual stages in the spleen, together 

with physiological splenic trapping of immature reticulocytes (chapter 6), may support the 

occurrence of localised asexual cycles in this organ. This chapter is presented as a 

manuscript draft.  
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5.4 Abstract 

Background: The spleen is traditionally recognized as a compartment for host 

recognition and removal of malaria parasites. Whether a hidden biomass of non-

phagocytosed Plasmodium-infected red blood cells (iRBCs) is also present in the human 

spleen is not known.  

Methods: In malaria-endemic Papua, Indonesia, spleens from 22 patients undergoing 

splenectomy were examined for P. vivax and P. falciparum intra-splenic and peripheral 

blood infections. Parasite density, distribution and staging were analysed by optical 

microscopy and molecular assays. 

Results: Twenty-one individuals (95%) had asymptomatic splenic Plasmodium infection 

(13 P. falciparum, 7 P. vivax and 1 mixed P. falciparum-vivax), the proportion with PCR-

confirmed P. falciparum in peripheral blood (45.5% [95%CI:24.4-67.8%]) being higher 

than the prevalence in community controls (15.4% [95%CI:14.0-16.9%]); p=0.0001. 

Spleens were larger in those with P. falciparum than P. vivax, with spleen weight in both 

species proportional to red pulp congestion with predominantly uninfected red blood cells 

(RBCs). Non-phagocytosed iRBCs of both species, including all asexual stages and 

immature gametocytes were more concentrated in the spleen compared to peripheral 

blood, with the median estimated spleen-to-peripheral blood ratio of non-phagocytosed 

iRBCs being higher for P. vivax (2850 [interquartile range (IQR): 2230-3320]) than P. 

falciparum (126 [30-1470]); p=0.003. A substantial proportion of the estimated total non-

phagocytosed parasite load was concealed in the spleen, greater than in peripheral blood 

for P. vivax (median 2.11x109 parasites [IQR 1.08x109-15.2x109] vs 0.04x109 parasites 

[0.03x109 – 0.81x109]); p=0.063. Parasite remnants and malaria pigment were present 

inside splenic macrophages.  

Conclusion: Findings support the splenic accumulation of both non-phagocytosed P. 

falciparum and P. vivax, and suggests that the spleen may be a site for parasite 

development as well as removal in subclinical infections. As in P. falciparum infections, 
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quantitation of parasites in peripheral blood likely underestimates total parasite biomass 

of P. vivax. Revision of modelling approaches is warranted. 
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5.5 Introduction 

Malaria, caused by Plasmodium species, affects 216 million people with over 400,000 

deaths each year (WHO 2017). With the decline in global incidence being stalled, malaria 

continues to be responsible for substantial morbidity and mortality. Plasmodium 

falciparum and P. vivax are responsible for most of the global burden of disease (Cibulskis 

et al. 2011; Hay et al. 2010; Howes et al. 2016) and for asymptomatic carriage in malaria-

endemic areas (Nguyen et al. 2018; Okell et al. 2009; Pava et al. 2016; Tadesse et al. 

2018). The worldwide goal of malaria elimination requires interruption of transmission and 

it is now recognized that asymptomatic infection sustains a large proportion of 

transmission (Bousema et al. 2014a; Nguyen et al. 2018; Okell et al. 2012; Sturrock et al. 

2013; Tadesse et al. 2018). Where and how Plasmodium maintains asymptomatic 

infection is only partly understood.  

The spleen primarily functions as a filter to maintain blood homeostasis (Bowdler 2002), 

therefore Plasmodium-infected red blood cells (iRBCs) in the bloodstream are in constant 

mechanical and physiological interaction with splenic microcirculatory beds. The 

pathophysiological role of the spleen during malaria infection, particularly with P. vivax 

and in asymptomatic carriers, is not fully understood. There is strong evidence that the 

spleen is a compartment for host recognition and destruction of Plasmodium-iRBCs, 

particularly P. falciparum (Buffet et al. 2011; Chotivanich et al. 2002; del Portillo et al. 

2012; Kapoor, Chandra & Kishore 2013; Urban et al. 2005; White 2017). In addition to 

this, there is indirect evidence suggesting that a viable Plasmodium reservoir may also 

be present in the spleen which could potentially facilitate transmission, development of 

disease or maintenance of hidden infections (Barber et al. 2015; Fonseca et al. 2017; 

Hehir 1927; Kho et al. 2018a; Siqueira et al. 2012). No prospective studies have been 

conducted to directly support these hypotheses.  

We determined if a hidden biomass of non-phagocytosed Plasmodium-iRBCs occur in 

the human spleen. Spleen and peripheral blood samples were collected from Indonesian 
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patients undergoing splenectomy for any reason in Papua. Spleens were examined for 

the presence, localization and concentration of non-phagocytosed iRBCs with sexual and 

asexual stages of Plasmodium, and compared to peripheral blood. Mechanisms of 

splenomegaly associated with infection were also investigated.   
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5.6 Materials and Methods 

5.6.1 Splenectomy patients 

5.6.1.1 Setting 

The study was conducted at Rumah Sakit Umum Daerah (RSUD) Hospital in Timika, 

Papua, Indonesia, the major regional hospital in Mimika District. In this region, malaria 

transmission is unstable, with a parasitaemia prevalence of 14% and 38% by microscopy 

and polymerase chain reaction (PCR), respectively, and with approximately equal 

proportions of P. falciparum and P. vivax infection (Karyana et al. 2008; Pava et al. 2016). 

 

5.6.1.2 Enrolment 

The research team was on-call 24 hours a day for any patients undergoing elective 

splenectomy or explorative laparotomy for potential spleen rupture at RSUD hospital. 

Patients that required splenectomy for any clinical indication between July 2015 and 

November 2017 were enrolled in the study after informed consent. There were no 

exclusion criteria. Demographic and clinical data were collected using a standardised 

case record form. An automated blood count was obtained for clinical purposes 

preoperatively.  

 

5.6.1.3 Management 

Splenectomised patients were managed according to international guidelines and 

recommendations (Spelman et al. 2008). Before discharge, patients were tested for HIV 

for clinical purposes and provided with 3 grams emergency amoxicillin. Radical cure of 

malaria (3 days dihydroartemisinin-piperaquine (DHP) plus 14 days primaquine (PQ)) 

was introduced following interim analysis of data on local malaria risks (Kho et al. 2018a). 
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5.6.2 Sample collection and storage 

5.6.2.1 Day of surgery 

The decision to proceed to splenectomy was made by the treating surgeon on clinical 

grounds. Eighteen millilitres of peripheral blood were collected intra-operatively and after 

initial consent from patient’s relatives. Patient consent was obtained post-operatively. 

Blood was collected into three anticoagulants: ethylenediaminetetraacetic acid (EDTA), 

lithium-heparin and acid citrate dextrose (ACD) (BD Biosciences, Australia). Any 

remaining blood collected pre-operatively that was to be discarded was also collected. All 

spleen tissue removed at the time of surgery (intact or in portions) was collected by the 

research team in the operating theatre. Histopathology is not routine at RSUD. Any 

splenectomy patients that were transfused prior to surgery had a sample of donor blood 

taken from the transfusion bag. Thick and thin blood smears were prepared from each 

blood sample and stained with 3% Giemsa solution (Merck, Darmstadt, Germany) for 45 

minutes at room temperature (RT).  

 

5.6.2.2 Dissection of the spleen 

The spleen was immediately transferred to the hospital laboratory. Blood on the surface 

of the spleen was removed. Images and spleen weight were recorded (Fig 5.1A). For 

certain comparisons, splenectomy patients were stratified according to spleen weight; 

normal or not significantly enlarged (<250 g), splenomegaly (250-1,000 g), and severe 

splenomegaly (>1,000 g).  

Using sterile equipment and in clean work area, the spleen was sliced approximately in 

half as shown in Fig 5.1B and one half set aside for paraffinization (section 5.6.2.5). The 

remaining half was sliced longitudinally into multiple sections of 0.5-1 cm thickness (Fig 

5.1C). Clean microscope slides were dabbed on the inner surface of each spleen slice, 

dried, and stained with 3% Giemsa solution for 45 minutes at RT. Sliced spleen blood  
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Fig 5.1 Spleen dissection. Each spleen was weighed and recorded to nearest gram (A), 

then sliced in half using sterile disposal blades (B). One half of the spleen was sliced 

longitudinally (C) and used for downstream experiments, while the second half was 

processed into paraffinized spleen tissue blocks. 
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was collected as per section 5.6.2.3. Damaged tissue was avoided in all sample 

processing. Blood and spleen samples were transferred at RT to the research laboratory 

for further experiments. 

 

5.6.2.3 Collection of sliced spleen blood 

Tissue sections of approximately 1 cm3 in size were sampled randomly from spleen slices. 

Three pieces were added to each of up to eighteen 50 mL falcon tubes containing 15 mL 

of sterile RPMI 1640 medium (Thermofisher, Massachusetts, US) supplemented with 

either EDTA, heparin or ACD (Sigma Aldrich, Missouri, US). Suspensions were incubated 

at RT on a slow rotator, or on the bench and inverting every 5 mins, for up to 90 mins. 

Spleen pieces were removed and the suspensions pooled for each anticoagulant through 

70µm SmartStrainers (Miltenyi Biotec, Bergisch Gladbach, Germany), then centrifuged at 

500g for 15 minutes. Supernatants were discarded and the pellets resuspended in equal 

volumes of RPMI 1640 medium. The resulting suspensions were termed sliced spleen 

blood with EDTA, heparin or ACD. Thick and thin blood smears were prepared for sliced 

spleen blood and stained with 3% Giemsa solution for 45 minutes at RT.  

 

5.6.2.4 Spleen tissue biopsies and blood for molecular assays 

Up to fifteen 0.5 cm punch biopsies were collected randomly from spleen slices and snap 

frozen in liquid nitrogen. EDTA-anticoagulated peripheral and sliced spleen blood 

samples were centrifuged at 600g for 10 minutes. Aliquots of the resulting packed red 

blood cell (RBC) pellets were stored at -80°C. 

 

5.6.2.5 Paraffinized spleen tissue blocks 

The unused spleen half (from section 5.6.2.2) was sliced longitudinally to 0.5-1cm in 

thickness and fixed at RT for 48-72 hours in 1L of 10% neutral-buffered formalin (NBF; 
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containing100 mL 37-40% formaldehyde, 900 mL deionized water, 6.5 g Na2HPO4 and 4 

g NaH2PO4). NBF was replaced every 24 hours. After fixation, 0.5 cm punch biopsies 

were taken randomly from spleen slices and placed into histology cassettes. To dehydrate 

the tissue, fixed biopsies were incubated in absolute ethanol for 20 mins at 60°C, then 

placed in fresh ethanol and incubated again until a total of four 20 min incubations were 

performed. Fixed biopsies were then incubated in pure xylene for 10 minutes at RT, 

drained, then submerged in Paraplast Plus® (Leica Biosystems, Wetzlar, Germany) for 

30 mins at 60°C. Fixed biopsies were carefully positioned in metal base moulds, filled with 

Paraplast Plus, covered with labelled cassettes and incubated for 15 mins at -20°C to 

solidify. Paraffinized spleen blocks were detached from the base moulds and stored at 

RT until further use.      

 

5.6.2.6 Post-splenectomy follow-up 

Peripheral blood was collected again from splenectomised patients ≥2 months after 

splenectomy and processed identically. Patients were given meningococcal booster 

vaccinations with Menveo® and undertook clinical check-up by a research clinician. 

Bimonthly interviews were conducted for up to 14 months to collect data on post-

splenectomy malaria or other illnesses. Reported malaria episodes were confirmed with 

the treating hospital or health clinic. 

 

5.6.3 Detection and quantification of Plasmodium parasites 

5.6.3.1 Rapid diagnostic test 

Peripheral blood was tested for Plasmodium detection using the First Response Malaria 

Ag (plasmodium lactate dehydrogenase [pLDH]/histidine-rich protein2 [HRP2]) Combo 

Rapid Diagnostic Test (RDT) as per manufacturer’s instructions (Premier Medical Corp., 

Daman, India). 
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5.6.3.2 Blood smear microscopy 

Giemsa-stained slides of peripheral blood, sliced spleen blood and spleen dabs were 

examined by two research microscopists for the presence of Plasmodium-iRBCs using 

CX31 LED microscopes (Olympus, Tokyo, Japan). At least 40 thick smear high power 

fields (HPFs) were examined at 1000x magnification. Peripheral blood parasitaemia and 

parasite staging was determined in the thick smear as parasites per 500 WBC. Sliced 

spleen blood and spleen dabs were examined for Plasmodium species. Automated 

leucocyte counts were used to calculate the number of parasites per µL peripheral blood 

as shown in section 5.6.5.1. Non-phagocytosed peripheral iRBCs as a percentage of total 

circulating RBCs was also calculated for comparison to non-phagocytosed iRBCs in the 

spleen. In the comparisons of peripheral and splenic non-phagocytosed parasitaemias, 

individuals with submicroscopic peripheral parasitaemia were conservatively given a 

parasite count of 10 parasites per µL based on the lower limit of detection by an 

experienced microscopist (10-20 parasites per µL)(Bruce-Chwatt 1993). 

 

5.6.3.3 Giemsa histopathology 

Paraffinized spleen tissue blocks were sliced to 4 µm in thickness and placed on poly-L-

treated microscope slides. Slides were deparaffinised in xylene (3x5 mins), then 

rehydrated in a series of alcohol baths; absolute ethanol (2x5 mins), 90% ethanol (5 

mins), 70% ethanol (5 mins) and water (10 mins). Slides were stained with 10% Giemsa 

in water for 30-45 minutes at RT. After rinsing, slides were further stained with 0.5% 

aqueous acetic acid for 10-30 secs, then rapidly washed in a series of alcohol baths (70%, 

90% and 100% ethanol). Slides were dipped in two xylene baths, followed by incubation 

in a third clean xylene bath for 10 mins at RT. Coverslips were mounted on to stained 

slides with Entellan® (Merck, Darmstadt, Germany). 



 
  CHAPTER 5 

 

157 

 

Giemsa-stained spleen sections were analysed by a research microscopist blinded to 

PCR results to quantify non-phagocytosed iRBCs and pigmented macrophages (parasite 

phagocytosis) in the spleen using an Olympus CX31 microscope. A subset of spleen 

sections was read by a second research microscopist for validation. Ten HPFs were 

examined in each of the red and white pulp/perifollicular zone (PFZ) areas at 1000x 

magnification. Within each red pulp HPF, architectural regions were distinguished into the 

sinus lumen, splenic cords or unclassifiable spaces. White pulp/PFZ HPFs were divided 

into approximately equal areas of PFZ and follicles. Non-phagocytosed iRBCs and 

uninfected RBCs were counted in each region, and parasites categorized into groups 

based on their developmental stages (rings/trophozoites, schizonts, early gametocytes 

stage I-IV, late gametocytes stage V, or unclassifiable stages). Parasites in Giemsa stains 

of this type of tissue appear different to their traditional colouration and morphology in 

normal blood smears. Non-phagocytosed parasites were identified as pink/red RBCs 

containing at least one circular brown dot (parasite nucleus) with or without the light blue 

parasite cytoplasm visible. RBCs containing certain parasite stages, such as late-stage 

P. falciparum gametocytes, retained their elongated crescent/rod-shaped morphology 

with the blue/purple cytoplasm spanning the entire host cell. Parasite phagocytosis was 

determined in each region by counting the number of pigmented macrophages, identified 

as non-granular cells with condensed blue nuclear staining and containing brown 

pigment/dot(s) representing phagocytosed parasites or parasite remnants. Calculations 

to determine the non-phagocytosed splenic parasitaemia, percentage of phagocytosed 

parasite biomass in each region of the splenic architecture, total parasite loads, and 

retention indexes are shown in section 5.6.5.2. 

 

5.6.3.4 DNA extraction 

QIAamp DNA mini kits (QIAGEN, Hidlen, Germany) were used for extraction of genomic 

DNA (gDNA) from two snap frozen spleen tissue biopsies (8-25 mg per biopsy), peripheral 
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packed RBCs, and sliced spleen packed RBCs (both ~100 µL) per patient. Exact 

weights/volumes were recorded for each sample. DNA extraction of peripheral blood 

samples was performed according to the manufacturer’s spin protocol, except that the 

final elution was with 100 µL of buffer AE (supplied).  

Genomic DNA from spleen biopsies and sliced spleen blood samples were extracted 

according to a modified version of the manufacturer’s tissue purification protocol. Briefly, 

spleen samples were incubated at 4°C overnight in 150 µL of ATL buffer (supplied). An 

additional 100 µL of ATL buffer was added and biopsies cut into smaller pieces. 

Proteinase K (supplied) was used to disrupt the tissues (30 µL for biopsies and 20 µL for 

sliced spleen blood samples) on a slow shaker at 56°C for 3 hours. Samples were mixed 

with 200 µL of ethanol, vortexed, then applied to the QIAamp Mini spin columns 

(supplied). The remaining steps were performed according to the manufacturer’s 

instructions and the gDNA eluted as per peripheral blood samples. Extracted gDNA was 

stored at -20°C until further use.  

 

5.6.3.5 Nested PCR  

Plasmodium species confirmation and detection of submicroscopic infections was 

undertaken in duplicate in two separate laboratories using a nested PCR protocol 

described elsewhere (Singh et al. 1999; Snounou et al. 1993). One microliter gDNA 

template was used in the first nest, and 1 µL of the resulting product ran neat and/or 

diluted 1:20 in water for the second nest. Small subunit ribosomal RNA DNA clones of P. 

falciparum, P. vivax, P. malariae and P. ovale (MRA-177, MRA-178, MRA-179, and MRA-

180; ATCC, Manassas, VA) were used as positive controls. Samples were considered 

positive for Plasmodium species if results were positive in both laboratories. If results 

were discrepant, samples were considered positive if a Plasmodium species was 

detected using a third confirmatory assay (qRT-PCR, section 5.6.3.6). The spleen was 
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considered positive if any of the spleen biopsies and/or sliced spleen blood samples were 

positive for Plasmodium species. 

 

5.6.3.6 Molecular quantitation of Plasmodium 

A quantitative real-time PCR assay (qRT-PCR) was developed for the detection and 

quantification of P. falciparum and P. vivax parasite DNA in gDNA samples using the 

QuantStudio™-6 Flex Real-Time PCR System (Thermofisher, Massachusetts, US). 

Specific primer-probe pairs coupled to different fluorescent reporter dyes enabled multiple 

target products to be distinguished in a single reaction. Two microliters of gDNA template 

were added either neat or diluted up to 200-fold and run on 384-well plates in 

quadruplicate. Plasmodium falciparum and P. vivax assays were run separately using 

previously published primers and probes (Kamau et al. 2013) at a final primer-probe 

concentration of 0.8 µM and 0.4 µM, respectively. Linearized P. falciparum and P. vivax 

plasmids (MRA-177, MRA-178; ATCC, Manassas, VA) were utilized as serially diluted 

standards (4.7x106 – 4.7x10-1 parasites per µL). Human beta-actin (HuB) primers and 

probe were included in each assay (both at a final concentration of 0.1 µM) as an 

endogenous target for quality control (Adams et al. 2015; Imwong et al. 2014). Plasmids 

containing the HuB target sequence (Hep2 cells) were used for the HuB standard series 

(30.48 – 0.03 HuB per uL). TaqMan™ Gene Expression Master Mix was added as a 

source of polymerase and other qRT-PCR reaction components (Thermofisher, 

Massachusetts, US). Cycling parameters comprised 50°C for 2 mins, 95°C for 10 mins, 

and 50x; 95°C for 15 secs, followed by 58°C for 1 min for P. falciparum or 60°C for 1 min 

for P. vivax. The Parasite DNA per µL of template was determined by CT value 

extrapolation of unknowns to standard curves. Samples with CT values outside the 

highest standard were diluted and the assay repeated. The mean CT value was used if 

samples had >1 replicate positive. Those with a CT standard deviation >0.8 between 

replicates were repeated, or the outlier excluded if >2 replicates were positive. 
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Calculations to determine the parasite DNA per µL/mg of blood or spleen tissue, spleen-

to-peripheral parasite DNA ratio, and total parasite DNA in each compartment, are shown 

in section 5.6.5.3. 

 

5.6.4 Parasite viability 

5.6.4.1 Preparation and culture conditions 

The viability of Plasmodium iRBCs in the spleen and peripheral blood was examined by 

testing their ability to grow ex vivo using previously described culture methods (Basco et 

al. 1995; Russell et al. 2008). Heparin-anticoagulated sliced spleen blood and lithium-

heparin peripheral blood were used for culture on the day of splenectomy. WBC were 

removed from samples prior to culturing using Plasmodipur filters as per manufacturer’s 

instructions (EuroProxima, Arnhem, Netherlands). Each WBC-free sample was cultured 

in two separate flasks containing different culture medium (CM) and at 1% haematocrit. 

One flask contained P. falciparum CM and comprised RPMI 1640 medium supplemented 

with L-glutamine (2 mM), HEPES (25 mM), NaHCO3 (20 mM), gentamicin (40 mg/L), D-

glucose (0.25%) and human serum (10%). The second flask contained P. vivax CM and 

comprised McCoy’s 5A medium (Thermofisher, Massachusetts, US) supplemented with 

L-glutamine (2 mM), HEPES (25 mM), NaHCO3 (20 mM), gentamicin (40 mg/L), D-

glucose (0.25%) and human serum (20%). Flasks were supplemented with fresh human 

RBCs if peripheral or splenic RBCs from patients were insufficient for 1% haematocrit 

culture conditions. Human serum and fresh RBCs were obtained from non-exposed 

donors with matching blood group. Flasks were incubated in a candle jar at 37°C for up 

to 3 weeks. CM was replaced every 48 hours and fresh human RBCs were added if 

parasitaemia exceeded 3%.  
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5.6.4.2 Monitoring by microscopy 

Thick and thin blood smears were made for each flask on the day of splenectomy, and 

again every 24 hours to monitor parasite growth. Slides were stained daily with 3% 

Giemsa solution for 45 minutes at RT, then read by a research microscopist for the 

presence of Plasmodium iRBCs using an Olympus CX31 microscope. Parasites were 

counted in the thin smear per 5000 RBCs and the frequency of different sexual (early and 

late gametocytes) and asexual stages (rings, trophozoites, schizonts) were determined.  

 

5.6.5 Calculation of parasitaemia, parasite loads and phagocytosis 

5.6.5.1 Parasitaemia by blood smear microscopy 

i) iRBCs per µL peripheral blood 

=
[iRBC count per 500 WBC] × [WBC count per µL from analyser]

500
 

 

ii) Non-phagocytosed peripheral iRBCs as % of peripheral RBCs 

=
iRBCs per µL peripheral blood

RBC count per µL from analyser
× 100 

Individuals with submicroscopic peripheral parasitaemia were conservatively assigned a 

parasite count value of 10 parasites per µL based on the lower limit of detection by an 

experienced microscopist (10-20 parasites per µL)(Bruce-Chwatt 1993). 

 

5.6.5.2 Non-phagocytosed parasitaemia and phagocytosis in spleen sections 

i) Non-phagocytosed splenic iRBCs as % of splenic RBCs 

=
nonphagocytosed iRBC count

[nonphagocytosed iRBC count] + [RBC count]
× 100 
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ii) Non-phagocytosed spleen-to-peripheral parasitaemia ratio 

=
nonphagocytosed splenic iRBCs as % of splenic RBCs

nonphagocytosed peripheral iRBCs as % peripheral RBCs
 

 

iii) Non-phagocytosed iRBCs in each spleen compartment as % of total non-

phagocytosed iRBCs  

=

nonphagocytosed iRBC count in cords,
sinus lumen, PFZ , or noncirculatory WP spaces

total nonphagocytosed iRBC count
× 100 

 

iv) Total non-phagocytosed parasite load in peripheral blood 

= [iRBCs per µL peripheral blood] × [total peripheral blood volume, see below] × 106 

 

v) Total peripheral blood volume in litres (Nadler’s method) 

male = [0.3669 × [height in meters]3] + [0.03219 × [patient weight in kg]] + 0.6041 

female = [0.3561 × [height in meters]3] + [0.03308 × [patient weight in kg]] + 0.1833 

Where, the average height of males is 1.58 meters and females is 1.47 meters in 

Indonesia (Frankenberg & Jones 2003). Patient weights were available for a subset of 

individuals. Those that were missing were given a value corresponding to the national 

average of 59.5 kg for males and 54.8 kg for females (Frankenberg & Jones 2003). 

 

vi) Total non-phagocytosed parasite load in the spleen 

=
[iRBC count in all HPFs] × [spleen weight]

[spleen volume per HPF in cm3, see below] × [number of HPFs] × [density of human spleen in g/cm3]
 

Where density of human spleen = 1.04 g/cm3, from (ICRP 2009). 
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vii) Spleen volume (in cm3) per HPF 

=
[area of HPF in mm2]  × [section depth in mm]

1000
 

Where area of HPF is πr2 (r=100µm on Olympus CX31 at 1000x magnification), and 

section depth was 0.005mm. 

 

viii) Non-phagocytosed parasite load in the spleen as a percentage of the intravascular 

and intrasplenic load 

=
total nonphagocytosed parasite load in the spleen

[total nonphagocytosed parasite load in the spleen and peripheral blood]
× 100 

 

ix) Non-phagocytosed parasitaemia for each stage per 1000 RBCs  

(eg. for rings) 

=
nonphagocytosed ring iRBC count

[nonphagocytosed iRBC count] + [RBC count]
× 1000 

 

x) Retention index of non-phagocytosed rings/trophozoites or mature forms in each 

splenic compartment 

(eg. for mature forms) 

=
nonphagocytosed parasitaemia of mature forms in sinus lumen/cords/PFZ/white pulp ncs

nonphagocytosed parasitaemia of mature forms in peripheral blood
 

Assumptions: P. falciparum-infected individuals with only rings/trophozoites detected in 

peripheral blood and individuals with submicroscopic peripheral infection were given a 

conservative estimate of 0.09% mature forms based on stage proportions previously 

determined in uncomplicated falciparum malaria (Dondorp et al. 2005). For P. vivax, these 

individuals were given a conservative estimate of 1% mature forms in circulation.  
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xi) Phagocytosed splenic parasites as % of total splenic biomass 

=
[pigmented macrophage count]

[pigmented macrophage count ] + [nonphagocytosed iRBC count ]
× 100 

Assumption: each pigmented macrophage phagocytosed one parasite.  

 

5.6.5.3 qPCR calculations 

i) Parasites DNA µL peripheral blood 

=
[parasite DNA per µL template from qRTPCR] × [dilution factor] × [haematocrit from analyser]

[volume of packed RBCs extracted]
 

 

ii) Parasites per mg peripheral blood 

=
parasite DNA per µL peripheral blood

density of whole blood in mg per µL
 

Where density of whole blood = 1.06 mg per µL. 

 

iii) Parasite DNA per mg spleen tissue 

=
[parasite DNA per µL template from qRTPCR] × 100

mg of spleen tissue extracted
 

 

iv) Spleen-to-peripheral parasite DNA ratio 

=
parasite DNA per mg spleen tissue

parasite DNA per mg peripheral blood
 

 

v) Total parasite DNA in peripheral blood 
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= [parasite DNA per µL peripheral blood] × [total volume peripheral blood volume] × 106 

 

vi) Total parasite DNA in the spleen 

= [parasite DNA per mg spleen tissue] × [spleen weight in g] × 103  

 

vii) Parasite DNA in the spleen as a percentage of the intravascular and intrasplenic 

parasite DNA 

=
total parasite DNA in the spleen

[total parasite DNA in the spleen] + [total parasite DNA in peripheral blood]
× 100 

 

5.6.6 Distribution of red pulp and white pulp in the spleen 

Giemsa-stained spleen sections were scanned at 40x magnification on an AxioScan Z1 

and analysed using ZEN software (Carl Zeiss, Germany). Each slide contained separate 

sections from two different biopsies. Using the tracing tool in ZEN (which provided the 

area in µm2 of customized regions), the total section area and zones of white pulp and 

non-white pulp structures (capsule, large vessels, central artery, trabeculus, hilus) were 

quantified by a research microscopist for each sample, blinded to patient number and 

Plasmodium infection. Circulatory spaces (PFZ) around the follicles were not considered 

as white pulp in this analysis. Red pulp area was calculated by subtracting white pulp and 

non-white pulp structures from the total section area. The percentages of white pulp and 

red pulp were calculated for each spleen and categorized by infecting Plasmodium 

species and spleen weight.  
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5.6.7 Statistical analyses 

All statistical analyses were performed using GraphPad Prism 7 (GraphPad Software, La 

Jolla, CA). ZEN 2 software was used for processing microscopy images (Carl Zeiss, 

Germany). The Mann-Whitney or the Kruskal-Wallis test with Dunn’s multiple 

comparisons was used for between-group comparisons. The Wilcoxon matched-pairs 

signed rank test was applied to paired datasets. One-way ANOVA with Sidak’s multiple 

comparisons was used to compare non-phagocytosed parasite proportions in each 

spleen compartment. Relationships between two variables were tested using Pearson 

correlations and lines of best fit generated by linear regression. Spleen weights were log 

transformed for correlative analyses. Comparison of population proportions were 

performed using the Chi-square test and the 95% confidence intervals (95% CI) 

determined using the binomial exact calculation. 

 

5.6.8 Ethical approval 

The study was approved by the Human Research Ethics Committees of Gadjah Mada 

University and Eijkman Institute for Molecular Biology, Indonesia, and Menzies School of 

Health Research, Australia. 
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5.7 Results 

5.7.1 Splenectomy patients and Plasmodium infection 

5.7.1.1 Baseline data and splenomegaly 

In total 22 patients undergoing splenectomy were enrolled at RSUD hospital between July 

2015 and November 2017. Baseline data, including Plasmodium infections and spleen 

weights, are shown in Table 5.1. The median age was 24.5 years (Range 12 – 46 years). 

Sixty-eight percent (15/22) were male, 45% (10/22) were highland Papuans and 23% 

(5/22) were lowland Papuans. Two patients underwent elective splenectomy due to 

severe splenomegaly and the remainder were splenectomised for splenic injury due from 

trauma. Two patients died within one week after splenectomy, both from consequences 

of multiple traumatic injuries.  

Four (18%) of the patients gave a history of malaria in the preceding 2 months:  two with 

P. falciparum within 1 week prior to splenectomy, both treated with DHP plus PQ, and 

one each with P. vivax and mixed P. falciparum-vivax, both treated an unknown number 

of weeks previously with DHP plus PQ. Adherence to their antimalarial treatment could 

not be determined. An additional patient was given intravenous artesunate (IV-ART) 

therapy 9.5 hours prior to splenectomy due to positive diagnosis of P. falciparum by 

routine hospital blood film examination. Internal comparison of these patients with those 

that were untreated showed no differences in the parameters assessed in this chapter 

(data not shown). Therefore, considering the relatively small sample size in this cohort, a 

simple analysis approach was performed whereby recently treated and untreated patients 

were pooled. In analyses where recent treatment may be important, relevant results are 

described separately in text.  

At the time of surgery, none of the patients had fever (<37.5°C) or other symptoms of 

malaria, and hence, all patients with parasitaemia were considered to have asymptomatic 

infection. None of the patients were HIV positive. The median weight of spleens was 431  
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Footnotes to Table 5.1: 

a M, male; F, female. 

b H, highland Papuan; L, lowland Papuan; NP, non-Papuan. 

c N, normal (<250 g); S, splenomegaly (250-1,000 g); SS, severe splenomegaly (>1,000 g). 

d parasites in blood smears were stages into: a, asexual stages; g, gametocytes. 

e IV-ART, intravenous artesunate; DHP, dihydroartemisinin-piperaquine; PQ, primaquine; UT, untreated; T, unknown 

treatment. 

f P. falciparum dose. 

g Treatment commenced 9.5 hours before splenectomy due to detection of peripheral parasitaemia by hospital. 

h Malaria attack occurred within one week before splenectomy. 

i Unknown time episode occurred prior to splenectomy (but ≤2 months). 

j Treated with DHP+PQ. 

Some patients received transfusion (*<60 mins; #>60 mins) prior to sample collection. 

None of the patients had HIV, fever (<37.5°C) or other malaria symptoms at surgery. 

Patient 18 and 22 died within one week after splenectomy due to trauma injuries. Patient 8 was lost to follow-up.  

Abbreviations: N/A, not available (missing); RDT, Rapid Diagnostic Test; Pv, P. vivax; Pf, P. falciparum; Pm, P. 

malariae; ND, not detected; US, unreadable slide.  
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g (range 80 – 1,918 g). Five had spleens <250 g, 15 had splenomegaly of 250 – 1,000 g, 

and 2 had severe splenomegaly, likely hyperreactive malarial splenomegaly (HMS) 

(>1,000 g). Images of each spleen are shown in Fig S5.1. 

Full blood counts were obtained preoperatively and are presented for each splenectomy 

patient in Table S5.1. Pancytopenia was apparent in proportion to spleen size (Fig S5.2). 

Pairwise analysis between full blood counts obtained at surgery and at follow up are 

presented in Fig S5.3. 

 

5.7.1.2 Peripheral and splenic Plasmodium infections 

In total, 36% (9/22) of patients had microscopy-detectable peripheral parasitaemia, 1 with 

P. vivax and 8 with P. falciparum (Table 5.1). All nine had the same species of parasite 

also seen on microscopy of sliced spleen blood. Four of the peripheral microscopy 

negative patients had asexual of Plasmodium seen on microscopy of sliced spleen blood, 

2 with P. vivax and 2 with P. falciparum. Representative images of P. falciparum and P. 

vivax parasites found in sliced spleen blood are shown in Fig 5.2, A and B. Results from 

RDT of peripheral blood showed HRP2 and genus-specific pLDH positivity for 54% (7/13) 

of patients with P. falciparum monoinfection (of which 3 patients recently had 

antimalarials), whereas RDT positivity was not detected in any of the P. vivax, mixed 

infections or individuals with severe splenomegaly (Table 5.1). 

Giemsa-stained histology sections of the spleen were available for 91% (20/22) of 

splenectomy patients, of which 80% (16/20) were of readable quality. Representative 

images from a spleen section showing non-phagocytosed parasites and the different 

spleen zones (red pulp cords and sinus lumens, PFZ, and white pulp non-circulatory 

spaces) are shown in Fig 5.3. Individuals that had microscopy-detectable Plasmodium 

infection in their blood samples had non-phagocytosed iRBCs visible in their spleen tissue 

sections (Table 5.1). The species of all aforementioned Plasmodium infections were 

confirmed by PCR.  
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Fig 5.2 Malaria parasites in sliced spleen blood and spleen sections. Representative 

images of P. vivax (A) and P. falciparum (B) parasites of different asexual and sexual 

stages in sliced spleen blood samples, taken at 1000x magnification using a Samsung 

Note 3 camera attached to an Olympus CX31 microscope. Representative images of 

Plasmodium parasites in the spleen sections of patient #11 (C) and patient #20 (D), taken 

at 400x magnification using a Carl Zeiss AxioScan Z1. Green and red arrowheads in C 

and D are representative of phagocytosed and non-phagocytosed parasites, respectively. 
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Five individuals who were negative by microscopy in peripheral and sliced spleen blood 

were found to have microscopy-detectable non-phagocytosed iRBCs in spleen sections 

(Table 5.1). Three of these individuals had PCR-confirmed P. vivax while the remaining 

two (patient #11 and #20) were PCR-negative after multiple nested PCR repeats. 

Representative images of malaria parasites in patient #11 and #20 are shown in Fig 5.2, 

C and D. These two individuals were categorized as P. falciparum infections due to the 

presence of positive qRT-PCR signals for this species in their spleen samples. The total 

prevalence of microscopy-detectable Plasmodium infection in splenectomised patients 

was therefore 82% (18/22), of which 12 were P. falciparum and 6 were P. vivax (Table 

5.1). 

The presence of submicroscopic infection was also examined by PCR (Table 5.1). 

Seventy-eight percent (7/9) of the peripheral-negative spleen-positive individuals by 

microscopy were found to have PCR-positive submicroscopic infection in peripheral 

blood. One of the individuals with splenic P. vivax had submicroscopic peripheral P. 

malariae infection. An additional 2 individuals without any microscopy-detectable 

parasites were found to have submicroscopic parasitaemia in both the spleen and 

peripheral blood, 1 with P. vivax and 1 with mixed infection of P. falciparum and P. vivax. 

A further individual was PCR-positive in the spleen (P. falciparum) and PCR-negative in 

peripheral blood.  

Among splenectomised patients, the overall prevalence of splenic Plasmodium infection 

was 95% (21/22), of which 13 individuals had P. falciparum, 7 had P. vivax, 1 had mixed 

species infection. The prevalence of peripheral parasitaemia in splenectomised patients 

was 82%. No individual had parasitaemia in peripheral blood but not in the spleen, and 

none had peripheral monoinfection with multiple species in the spleen.  

Eighty-six percent (19/22) of splenectomised patients were available for follow-up (Table 

5.1). Three patients were not available due to death or migration to remote areas. Follow-

up blood samples were collected within several months of surgery (median 2 months  
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Fig 5.3 Histopathology sections. Paraffinized spleen tissue blocks were sliced to 4µm 

thickness and the resulting spleen sections stained with Giemsa. Tissue were categorized 

into the different architectural compartments within white pulp (WP) and red pulp (RP), 



 
  CHAPTER 5 

 

174 

 

including the perifollicular zones (PFZ), non-circulatory spaces (ncs), sinus lumen (sl) and 

cords (co). Tissue sections were analyzed by two independent readers for Plasmodium 

infections at 400x magnification using a Carl Zeiss AxioScan Z1. Section presented is 

from patient #17 with microscopy and PCR-detectable P. falciparum infection. Green and 

red arrowheads are representative of phagocytosed and non-phagocytosed parasites (g, 

gametocyte), respectively. Grey arrowhead represents indeterminate parasite. 
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[Range 2-8]), at which time only 1 patient had both fever and microscopy-detectable 

infection with P. falciparum. Submicroscopic analysis by PCR was available for 95% 

(18/19) of patients and revealed an additional 5 asymptomatic individuals at follow-up, 3 

with P. falciparum, 1 with P. vivax and 1 with mixed infection of P. falciparum and P. vivax. 

During interviews, 7 splenectomised patients complained of having fever since their 

surgery, of which 6 were confirmed malaria episodes. Eleven splenectomised patients 

had completed 14 months of prospective follow-up and the results from this surveillance 

substudy are presented in chapter 4.  

 

5.7.1.3 Those requiring splenectomy have a greater prevalence of asymptomatic P. 

falciparum infection than the Timika population, and those with P. falciparum 

infection have larger spleens 

We compared the proportion of splenectomy patients with asymptomatic PCR-positive 

peripheral parasitaemia (81.8%, 18/22) (Table 5.1), with the previously published 

prevalence of asymptomatic peripheral parasitaemia in the general Timika population 

(36.5%, 936/2,567), examined using identical tools (Pava et al. 2016). The peripheral 

prevalence with any Plasmodium species in the subpopulation undergoing splenectomy 

was 45.3% higher (95% CI: 24.9 – 56.3%, p<0.0001) than that in the general population. 

This remained significant for P. falciparum (30.1% difference [95% CI: 11.5 – 50.0%], 

p=0.0001), but not for P. vivax (9.0% difference [95% CI: -5.2 – 29.9%], p=0.278), though 

the number of splenectomised patients with P. vivax was small. 

Spleen weights were compared between infecting Plasmodium species (Fig 5.4). 

Individuals infected with P. falciparum had higher spleen weights compared to individuals 

with P. vivax (median 464 vs 245 g, p=0.018), suggesting that spleens are larger in 

asymptomatic P. falciparum infections. The two patients with severe splenomegaly were 

considered outliers and excluded from statistical comparisons due to indications of HMS, 

a condition with different pathophysiology. 
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Fig 5.4 Comparison of spleen weights. The weight of each spleen was recorded (in 

grams) and grouped according to infecting Plasmodium species, including 12 P. 

falciparum (Pf), 6 P. vivax (Pv), 1 mixed infection and 1 uninfected control. Triangle 

datapoints represent spleens from patients recently treated with antimalarials. Circle 

datapoints represent spleens from untreated patients. The median spleen weight is 

presented for Pf and Pv infections. The Mann-Whitney test was used for statistical 

comparison (p<0.05 was considered significant). Individuals with severe splenomegaly 

(filled datapoints) were excluded from statistical comparisons. 
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5.7.2 Peripheral and splenic parasite loads 

5.4.2.1 Microscopy-detectable non-phagocytosed parasitaemias are higher in 

spleen tissue compared to peripheral blood 

Non-phagocytosed iRBCs were counted for 9 individuals with P. falciparum and 5 with P. 

vivax, presented as a percentage of total peripheral or splenic RBCs (Table 5.2). For 

individuals with both peripheral and splenic parasitaemia, significantly higher percentages 

of non-phagocytosed parasites were found in spleen tissue compared to peripheral blood 

(Fig 5.5, A and B), however, this did not reach statistical significance in P. vivax infections, 

possibly due to the lower sample size. The geometric mean percentages in peripheral 

blood and spleen tissue were 0.004% [95% CI: 0.0006-0.023%] and 1.82% [95% CI: 

0.740-4.46%] in P. falciparum, respectively, and 0.0003% [95% CI: 0.0001-0.0008%] and 

0.955% [95% CI: 0.326-2.80%] in P. vivax, respectively.  

An interesting observation was the heterogeneity in iRBC distribution in some spleens, 

particularly in patients #11 and #20. Certain areas in the red pulp had much higher 

concentrations of iRBCs than neighbouring areas only a few hundred micrometres away.   

 

5.7.2.2 The estimated spleen-to-peripheral blood non-phagocytosed parasitaemia 

ratio is higher for P. vivax than P. falciparum 

The spleen-to-peripheral non-phagocytosed parasitaemia ratio was calculated for 12 

individuals with paired samples (Table 5.2). In P. vivax infections, the spleen had an 

estimated 2850 times [IQR 2230-3320] higher parasitaemia compared to peripheral 

blood, and was significantly greater than the estimated ratio in P. falciparum infections 

(median 126 [IQR 29.6-1470], p=0.003; Fig 5.5C). 
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Footnotes to Table 5.2: 

a Pv, P. vivax; Pf, P. falciparum; Mix, Pf and Pv; sPv, submicroscopic Pv; sPf, submicroscopic Pf; ND, not detected. 

b N, normal (<250 g); S, splenomegaly (250-1,000 g); SS, severe splenomegaly (>1,000 g). 

c Individuals with submicroscopic peripheral parasitaemia were given a value of half the lower limit of detection by 

routine microscopists; 0.5 x 20 parasites/µL = 10 parasites/µL (Chwatts, 1993). Then converted to % non-

phagocytosed peripheral parasites as per section 5.6.5.1. 
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Fig 5.5 Microscopy-detectable non-phagocytosed parasitaemias and parasite 

loads. Non-phagocytosed parasites in peripheral blood and spleen tissue sections were 

counted by microscopy using an Olympus CX31 microscope. Non-phagocytosed 
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parasitaemias in peripheral blood and the spleen were compared in P. falciparum (n=7) 

(A) and P. vivax infections (n=5) (B), and the estimated non-phagocytosed spleen-to-

peripheral parasite ratio compared between the two species (C). Four individuals infected 

with P. vivax and 1 with P. falciparum had submicroscopic peripheral infection and were 

given a peripheral parasitaemia value of 10 parasites/µL calculated based on half the 

lower limit of detection of routine microscopy. The splenic distribution of non-

phagocytosed P. falciparum (n=9) and P. vivax (n=5) was determined by grouping into 

those found in the red pulp (RP) sinus lumens, cords, perifollicular zones (PFZ) and white 

pulp (WP) non-circulatory spaces, with mean percentages ± standard deviation shown 

(D). Using calculations in section 5.6.5.2, estimated non-phagocytosed parasite loads in 

peripheral blood and the spleen were compared in P. falciparum (E) and P. vivax 

infections (F). The mean percentage of non-phagocytosed loads found in the spleen were 

compared between the two species (G, n as per D). Data points with connected lines in 

panel A, B, E and F represent paired samples and were compared using the Wilcoxon 

test. Bars and data points in C are medians and individual ratios compared using the 

Mann-Whitney test (triangles represent patients recently treated with antimalarials, circles 

represent untreated patients). One-way ANOVA was used for statistical comparison in D 

(* significantly different to all other groups p<0.0001). Mean percentages in G are 

presented as pie charts and compared using the Mann-Whitney test. A p-value less than 

0.05 was considered significant for all tests. 
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5.7.2.3 Total non-phagocytosed parasite loads  

Total non-phagocytosed parasite loads were calculated in 9 individuals with P. falciparum 

and 5 with P. vivax (Table 5.2). Pairwise comparison showed comparable estimated non-

phagocytosed parasite loads in the spleen versus peripheral blood in P. falciparum 

infections (median 6.14x109 parasites [IQR 3.66x109 – 17.0x109] versus 0.71x109 

parasites [IQR 0.34x109 – 3.99x109], respectively, p=0.297; Fig 5.5E). In P. vivax 

infection, estimated non-phagocytosed parasite loads were higher in the spleen versus 

peripheral blood but did not reach statistical significance (median 2.11x109 parasites [IQR 

1.08x109 – 15.2x109] versus 0.04x109 parasites [IQR 0.03x109 – 0.81x109], respectively, 

p=0.063; Fig 5.5F). 

Of the total non-phagocytosed peripheral plus splenic parasite load, the percentage found 

in the spleen was calculated for infected individuals (Table 5.2). On average an estimated 

80.4% of total non-phagocytosed parasites were found in the spleen in P. falciparum and 

95.8% in P. vivax (p=0.496; Figure 5.5G).  

 

5.7.2.4 Peripheral versus splenic parasite DNA concentrations by qRT-PCR 

The concentration of P. falciparum and P. vivax parasite DNA in the spleen and peripheral 

blood of parasitaemic individuals was measured by molecular quantitation (Table 5.3). 

Marked variations in parasite DNA concentrations were observed between splenectomy 

patients and in the different compartments. PCR data was missing for patient #14 (blood) 

and patient #18 (spleen). In those with P. falciparum, the median concentration in 

peripheral blood was 39.8 parasite DNA units per mg (Interquartile range [IQR] 6.0-664), 

and in the spleen was 83.8 parasites DNA units per mg [IQR 2.4-250]. In P. vivax, median 

concentrations were 0.4 parasite DNA units per mg blood (IQR 0.2-0.8) and 3.9 parasite 

DNA units per mg spleen tissue (IQR 2.8-53.6). Pairwise comparisons were available for 

9 splenectomy patients with P. falciparum and 6 with P. vivax. Parasite DNA 
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concentrations were significantly higher in the spleen compared to peripheral blood for 

individuals with P. vivax (p=0.031; Fig 5.6B), but not P. falciparum (p=0.203; Fig 5.6A).   

 

5.7.2.5 Estimated spleen-to-peripheral parasite DNA ratio by qPCR 

The spleen-to-peripheral parasite DNA ratio was calculated for parasitaemic individuals 

with paired molecular samples (Table 5.3) and grouped according to infecting 

Plasmodium species. The estimated spleen-to-peripheral parasite DNA ratio was higher 

for P. vivax infections (median 6.06 [IQR 4.19-9.25]) compared to P. falciparum infections 

(median 1.56 [IQR 0.91-7.69]) but did not reach statistical significance (p=0.088; Fig 

5.6C).  

 

5.7.2.6 Estimated total parasite DNA loads in peripheral blood and the spleen 

Total parasite DNA loads were calculated for each parasitaemic individual using qRT-

PCR data, spleen weight and estimated total blood volume (Table 5.3). Overall, pairwise 

comparison showed comparable total parasite DNA loads in peripheral blood versus the 

spleen in both individuals infected with P. falciparum (median 125x106 parasite DNA units 

[IQR 27.9x106 – 2810x106] versus 66.2x106 parasite DNA units [IQR 6.9x106 – 1470x106], 

respectively, p=0.129; Fig 5.6D), and P. vivax (median 2.7x106 parasite DNA units [IQR 

1.2x106 – 43.8x106] versus 1.3x106 parasite DNA units [IQR 0.5x106 – 24.8x106], 

respectively, p=0.219; Fig 5.6E).  

The percentage of total peripheral blood plus spleen parasite DNA load found in the 

spleen was calculated and varied widely between all individuals (Table 5.3). The mean 

percentage was not significantly higher in P. vivax compared to P. falciparum infection, 

(p=0.388, Fig 5.6F).  
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Footnotes to Table 5.3: 

* Patient 11 and 20 were negative in the nested PCR assay but had parasites visible in spleen sections and positive 

P. falciparum signals by qRT-PCR (presented). 

a Pv, P. vivax; Pf, P. falciparum; Mix, Pf and Pv; ND, not detected. 

b N, normal (<250 g); S, splenomegaly (250-1,000 g); SS, severe splenomegaly (>1,000 g). 

c Mean from two spleen biopsy samples.  
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Fig 5.6 Molecular quantification of Plasmodium in peripheral blood and the spleen. 

A qRT-PCR assay was performed to quantitate parasite DNA in peripheral blood and 

spleen tissue samples. Paired concentrations of parasite DNA (per mg) in peripheral 
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blood and spleen tissue were compared for P. falciparum (n=9) (A) and P. vivax infections 

(n=6) (B). Paired data was unavailable for 1 P. vivax and 4 P. falciparum infections – 3 

were peripheral PCR-negative. Estimated spleen-to-peripheral parasite DNA ratios were 

compared between the two species (C). Using calculations in section 5.6.5.2, estimated 

parasite DNA loads in peripheral blood and the spleen were compared in P. falciparum 

(D) and P. vivax infections (E). The mean percentage of parasite DNA loads found in the 

spleen were also compared between the two species (F). Data points with connected 

lines in panel A, B, D and E represent paired samples and were compared using the 

Wilcoxon test. Bars and data points in C are medians and individual ratios compared 

using the Mann-Whitney test (triangles represent patients recently treated with 

antimalarials, circles represent untreated patients). Mean percentages in G are presented 

as pie charts and compared using the Mann-Whitney test. A p-value less than 0.05 was 

considered significant for all tests. 
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5.7.3 Parasite stages and distribution in the spleen 

5.7.3.1 Non-phagocytosed parasites are mostly in the cords of the red pulp 

During counting, non-phagocytosed iRBCs were categorized according to their location 

in the splenic architecture (Table 5.2). Of the total splenic parasites in P. falciparum 

infections, a mean of 56.8% were in the cords of the red pulp, which was significantly 

higher than in the red pulp sinus lumens [14.6%, p<0.0001], PFZ [25.1%, p<0.0001] and 

white pulp non-circulatory spaces [3.5%, p<0.0001] (Fig 5.5D). Similarly, in P. vivax, 

62.1% of non-phagocytosed parasites were in the cords of the red pulp, significantly 

higher than in the sinus lumens [19.5%, p=0.0004], PFZ [17.4%, p=0.0002] and white 

pulp non-circulatory spaces [1.1%, p<0.0001] (Fig 5.5D). None of the parasite 

frequencies in matched zones were significantly different between the two Plasmodium 

species.  

 

5.7.3.2 Plasmodium vivax staging in the different spleen compartments 

Representative images of P. vivax stages in the spleen are shown in Fig 5.7A. Of the 

total rings/trophozoites in the spleen, on average 64% were localized in the red pulp 

cords, 20% in the red pulp sinus lumens, 15% in the PFZ and 1% in non-circulatory 

spaces of the white pulp (Fig 5.7B). The parasitaemia of rings/trophozoites was highest 

in the cords and made up 89% of the total splenic parasitaemia and 100% in peripheral 

blood (Fig 5.7, C and D). P. vivax schizonts made up a smaller proportion of the total 

splenic parasitaemia (6%) and were only observed in the PFZ (79%) and cords (21%) at 

approximately equal parasitaemias (Fig 5.7, B-D). Gametocytes in P. vivax infection were 

much scarcer (2% of total splenic parasitaemia) and were confined to the PFZ (Fig 5.7, 

B-D). Approximately 3% of the total splenic parasitaemia were non-phagocytosed P. vivax 

parasites of unclassifiable stages and were found in approximately equal proportions in 

the PFZ and cords (Fig 5.7, B-D).  
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Fig 5.7 P. vivax staging and distribution in the spleen. Non-phagocytosed P. vivax 

parasites were categorized into three groups according to developmental stages 

(rings/trophozoites, schizonts, gametocytes), and a fourth group of those with unclear 

stages (n=5 spleens). Representative images were taken at 400x magnification on a Carl 

Zeiss AxioScan Z1 (A). For each stage group, parasite distributions were categorized into 

those found in the red pulp (RP) sinus lumens, cords, perifollicular zones (PFZ) and white 
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pulp (WP) non-circulatory spaces, presented as mean percentages in pie charts (B). The 

non-phagocytosed parasitaemia of each P. vivax stage group was determined in 

peripheral blood and the different spleen compartments (C). Histogram and error bars 

correspond to mean ± standard error (n=5 spleens). The proportion of parasitaemia in 

peripheral blood and the spleen made up by each stage group was also calculated and 

presented as mean percentages in pie charts (D).       
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5.7.3.3 Plasmodium falciparum staging in the different spleen compartments 

Developmental stages in P. falciparum were categorized as per P. vivax, except that 

gametocytes were further distinguished into two groups – early stage I-IV and late stage 

V. Representative images of the different P. falciparum stages in the spleen are shown in 

Fig 5.8A. All stage groups were found in each spleen zone (Fig 5.8, B and C). The 

distribution of rings/trophozoites was similar to P. vivax – on average 54% in the cords, 

13% in the sinus lumen, 32% in the PFZ, and 1% in the non-circulatory spaces of the 

white pulp (Fig 5.8B). These asexual stages made up 42% of parasitaemia in P. 

falciparum spleens and 69% in peripheral blood (Fig 5.8D). Splenic parasitaemia 

comprised of 16% schizonts which were generally found in the cords (78%), followed by 

the PFZ (13%) and sinus lumens (8%) (Fig 5.8, B-D).  

Early and late stage P. falciparum gametocytes made up a substantial proportion of the 

total splenic parasitaemia (12% and 13%, respectively) (Fig 5.8D). Early gametocyte 

stages were generally in the cords (59%), sinus lumens (17%) and PFZ (23%), however, 

mean parasitaemia per 1000 RBCs was considerably lower in the sinus lumen (Fig 5.8, 

B and C). Late P. falciparum gametocytes were predominantly located in the cords (62%) 

and PFZ (28%), and at lower percentages in the other spleen compartments at 

approximately equal parasitaemias (Fig 5.8, B-D). Both gametocyte groups were also 

present in peripheral blood and made up 10% (early) and 21% (late) of the total peripheral 

parasitaemia (Fig 5.8D). A considerable proportion (17%) of the total splenic parasitaemia 

were P. falciparum parasites of unclassifiable stages, distributed in the cords (43%), PFZ 

(45%), sinus lumens (11%) and WP non-circulatory spaces (1%) (Fig 5.8, B-D).  
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Fig 5.8 P. falciparum staging and distribution in the spleen. Non-phagocytosed P. 

falciparum parasites were categorized into four groups according to developmental 

stages (rings/trophozoites, schizonts, early gametocytes, late gametocytes), and a fourth 

group of those with unclear stages (n=9 spleens). Representative images were taken at 

400x magnification on a Carl Zeiss AxioScan Z1 (A). For each stage group, parasite 
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distributions were categorized into those found in the red pulp (RP) sinus lumens, cords, 

perifollicular zones (PFZ) and white pulp (WP) non-circulatory spaces, presented as mean 

percentages in pie charts (B). The non-phagocytosed parasitaemia of each P. falciparum 

stage group was determined in peripheral blood and the different spleen compartments 

(C). Histogram and error bars correspond to mean ± standard error. The proportion of 

parasitaemia in peripheral blood and the spleen made up by each stage group was also 

calculated and presented as mean percentages in pie charts (D).       
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5.7.3.4 Retention index of P. falciparum and P. vivax stages in the spleen 

The retention index (RI) of rings/trophozoites and mature forms were calculated for 

individuals with both peripheral and splenic Plasmodium infections (Fig 5.9). Spleen 

sections were not available for 2 individuals and were unreadable for 4 individuals. For 

both P. falciparum and P. vivax infections, all stage groups had a RI greater than 1, 

indicating accumulation in the splenic compartments (Fig 5.9). In P. falciparum infections, 

the estimated mean RI was greatest for mature forms in the red pulp cords (RI: 23600). 

Retention of mature forms were much lower in the PFZ (RI: 805) and sinus lumens (RI: 

120). P. falciparum rings/trophozoites had a mean RI highest in the cords (RI: 237), 

followed by the PFZ (RI: 88), sinus lumen (RI:35) and white pulp non-circulatory spaces 

(RI: 12). In contrast, in P. vivax infections, the estimated mean RI was greatest for mature 

forms in the PFZ (RI: 6120) followed by the cords (RI: 2500). The mean RI for P. vivax 

rings/trophozoites followed a similar trend to P. falciparum and was highest in the cords 

(RI: 1600), followed by the sinus lumen (RI: 481), PFZ (RI:380), and white pulp non-

circulatory spaces (RI: 26). 

 

5.7.4 Phagocytosis, viability and dormancy of Plasmodium parasites in the spleen 

5.7.4.1 Large proportions of splenic parasite biomass are phagocytosed 

Large proportions of parasites in the spleens of asymptomatic individuals with P. 

falciparum or P. vivax were phagocytosed, quantified by counting the number of 

pigmented macrophages. Representative images of phagocytosis by macrophages in P. 

falciparum and P. vivax spleens are shown in Fig 5.10A. Of the total parasite biomass in 

the spleen, a median of 67.4% were phagocytosed in P. falciparum infections and 59.2% 

in P. vivax (p=0.797, Fig 5.10B). For each species, the percentage of biomass that was 

phagocytosed was higher in the red pulp than white pulp in both species, significant for 

P. falciparum (median 70.9% vs 29.1%, Wilcoxon test p=0.008) but not P. vivax (91.7% 

vs 8.3%, p=0.063). There was no significant difference in phagocytosis in the white pulp  
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Fig 5.9 Retention index of P. falciparum (Pf) and P. vivax (Pv) stages in the spleen. 

The retention index of rings/trophozoites and mature forms were calculated in the different 

splenic compartments for eligible individuals with P. falciparum (n=7) and P. vivax (n=5) 

infections according to the formula and assumptions described in section 5.6.5.2. The 

mean retention index of each group is presented. Error bars correspond to the standard 

error of the mean. 

 



 
  CHAPTER 5 

 

196 

 

Fig 5.10 Plasmodium phagocytosis by host cells in the spleen. Parasite phagocytosis 
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was frequently observed in the spleens of asymptomatic individuals. The majority of host 

cells engulfing P. falciparum and P. vivax parasites were splenic macrophages, as 

evidenced by the presence of malaria pigment inside these phagocytic cells (A). The 

proportion of parasite biomass that was phagocytosed (assuming each macrophage 

engulfed one parasite) was calculated for P. falciparum (n=9) and P. vivax-infected 

spleens (n=5), presented as median percentages (B). The Mann-Whitney test was used 

for statistical comparison. For both species, phagocytosis in the red pulp was categorized 

into that occurring in the cords and sinus lumens, while in the white pulp categorized into 

that observed in the perifollicular zones (PFZ) and non-circulatory spaces (C), presented 

as mean percentages. Apart from macrophages, other cell types containing malaria 

pigment were also observed in the spleen including endothelial cells (red arrowhead, D), 

mastocytes (green arrowheads, E) and large splenic/barrier cells (dotted outlines, F).  
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(p=0.147) or red pulp (p=0.298) between species (Fig 5.10B). In the red pulp, on average 

88% of pigmented macrophages were located in the cords in P. falciparum compared to 

93% in P. vivax, and the remainder found in the sinus lumens (Fig 5.10C). In the white 

pulp, in which a considerably lower percentage of biomass was phagocytosed, on 

average 84% of pigmented macrophages were observed in the PFZ in P. falciparum 

compared to 81% in P. vivax, and the remainder located in non-circulatory spaces (Fig 

5.10C). In addition to macrophages, parasite pigment was also observed in other cell 

types, including endothelial cells aligning the sinus lumens, mastocytes in the cords and 

PFZ, and large splenic cells, possibly barrier cells, found mostly in the sinus lumens (Fig 

5.10, D-F), suggesting that these cell types may have phagocytic activity during 

Plasmodium infection. 

 

5.7.4.2 Parasite viability 

Blood samples from 19 splenectomy patients (patient #4 onwards) were cultured to test 

the ability of peripheral and splenic Plasmodium to grow ex vivo. As the majority of 

microscopy-detectable parasitaemias were low, growth was examined by relative 

changes in asexual stage frequency in concordance with the known parasite life cycle. 

Results for each patient are summarised in Table 5.4. Of the 12 P. falciparum-infected 

individuals tested for parasite viability, normal growth of splenic parasites was observed 

in 5 individuals (with peripheral parasites growing normally in 2, displaying a 24-hour 

delay in 1, and data unavailable in 2), 1 of which had prior antimalarial treatment (patient 

#5). A 24-hour delayed growth of splenic P. falciparum parasites was observed in 3 

individuals (with peripheral parasites growing normally in 1, displaying a 24-hour delay in 

1, and not growing in 1), 1 of which had prior antimalarial treatment (patient #7). Four 

individuals with P. falciparum showed no growth of splenic parasites (with peripheral 

parasites not growing in 3 and data unavailable in 1). Representative growth plots of 
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asexual and sexual stages from a P. falciparum-infected spleen are shown in Fig 5.11, A 

and B.  

In the single individual with submicroscopic mixed infection, P. falciparum rings and 

gametocytes appeared on spleen cultures after 192 hours, while asexual and sexual 

stages in peripheral cultures appeared after 48 hours. Only 5 of the 7 P. vivax-infected 

individuals were cultured, all with peripheral and splenic submicroscopic infections 

(except patient #6 whom had microscopy-detectable P. vivax in the spleen but was 

treated for P. vivax in the 2 months prior to splenectomy). No P. vivax growth was 

observed by microscopy after 72 hours, and continuing experiments thereafter showed 

no evidence of growth, consistent with the difficulties in maintaining P. vivax in continuous 

culture without a source of reticulocytes. 

 

5.7.4.3 Dormant parasites 

Parasites similar in appearance to dormant P. falciparum rings were observed in Giemsa-

stained spleen sections from P. falciparum-infected individuals (Fig 5.11C), characterized 

by iRBCs with condensed parasite nuclei and pyknotic appearance. These apparently 

dormant ring forms were present in a patient with no recent malaria or treatment history 

(patient #17) as well as in patients with recent treatment (but with unknown adherence) 

for P. falciparum infection (patient #5 with DHP plus PQ within 1 week prior to 

splenectomy, and patient #8 with IV-ART therapy 9.5 hours prior to splenectomy). 
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Table 5.4 Ex vivo growth of peripheral and splenic Plasmodium parasites 

 

Footnotes: 

* Patient 11 and 20 were negative in the nested PCR assay but had parasites visible in spleen sections and positive 

P. falciparum signals by qRT-PCR. 

Abbreviations: Pv, P. vivax; sPv, submicroscopic Pv; Pf, P. falciparum; sPf, submicroscopic Pf; sPm, submicroscopic 

P. malariae; sMix, submicroscopic Pf and Pv; ND, not detected; N/A, not available; DHP, dihydroartemisinin-

piperaquine; PQ, primaquine; IV-ART, intravenous artesunate. 

  

Patient 

number 

Peripheral blood Sliced spleen blood Malaria history in last 2 months 

Infection Ex vivo growth Infection Ex vivo growth Species 
Time before 
splenectomy 

Treatment 

1 Pv N/A Pv N/A - - - 

2 sPm N/A Pv N/A - - - 

3 sPf N/A Pf N/A - - - 

4 sPv N/A sPv no growth - - - 

5 Pf N/A Pf normal Pf 1 week DHP+PQ 

6 sPv N/A Pv no growth Pv unknown DHP+PQ 

7 Pf 24h delay Pf 24h delay Pf, Pv unknown DHP+PQ 

8 Pf no growth Pf no growth Pf 9.5 hours IV-ART 

9 sPf no growth Pf 24h delay - - - 

10 Pf normal Pf normal - - - 

11 ND no growth Pf * no growth - - - 

12 ND N/A sPf no growth Pf 1 week DHP+PQ 

13 Pf 24h delay Pf normal - - - 

14 Pf N/A Pf normal - - - 

15 Pf normal Pf 24 delay - - - 

16 sPv no growth sPv no growth - - - 

17 Pf normal Pf normal - - - 

18 sPv no growth sPv no growth - - - 

19 ND no growth ND no growth - - - 

20 ND no growth Pf * no growth - - - 

21 sMix Detectable post 48h sMix Detectable post 192h - - - 

22 sPv no growth sPv no growth - - - 
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Figure 5.11 Parasite viability and parasites with features of dormancy. Peripheral 

and sliced spleen blood samples were cultured to elucidate parasite viability and was 

examined by relative changes in asexual stage frequencies over time. Representative 

curves and images from the ex vivo growth of asexual stage splenic P. falciparum from 
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patient #5 is shown (A). Changes in the frequency of rings (blue), trophozoites (red) and 

schizonts (green) indicated maturation of viable asexual stages. Representative curves 

and images from the ex vivo growth of sexual stage splenic P. falciparum from patient #5 

is shown (B). Changes in the frequency of early gametocytes (blue), mature gametocytes 

(red) and appearance of dying gametocytes (green) indicated maturation of viable sexual 

stages. Each line in A and B represents readings from 1 of the 2 flasks cultured in parallel. 

Giemsa-stained spleen sections were examined for the presence of dormant P. 

falciparum rings that are known to exist in vitro, as well as ‘merophore sacks’  that have 

been previously described in mice. Representative images that resemble dormant rings 

(C) from treated and untreated patient spleens are presented (red arrowheads). Patient 

#5 received dihydroartemisinin-piperaquine plus primaquine one week prior to 

splenectomy, and patient #8 received intravenous artesunate 9.5 hours prior to 

splenectomy. Patient #17 reported no antimalarial treatment in the 2 months before 

surgery.      
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5.7.5 Red pulp expansion and loss of white pulp in larger spleens 

The proportion of area made up by white pulp and red pulp were quantified for each 

spleen from Giemsa-stained spleen sections. Representative images of these 

architectural zones in the different Plasmodium infections and spleen sizes are shown in 

Fig 5.12A. The general architectural organization between spleens with and without 

Plasmodium were largely comparable. There was no difference in the median percentage 

of white pulp and red pulp in P. falciparum and P. vivax spleens (Fig 5.12B). 

Correlative analyses showed an inverse association between white pulp and spleen 

weight, and a positive association between red pulp and spleen weight (Fig 5.12, C and 

D). Within red pulp, RBC congestion and dissolution of white pulp was apparent in larger 

spleens (Fig 5.12A). Quantification of red pulp RBCs found that the number of RBCs per 

HPF increased with spleen weight in both P. falciparum and P. vivax (Fig. 5.12E). 
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Fig 5.12 Distribution of white pulp and red pulp in infected spleens and 
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splenomegaly. Giemsa-stained spleen sections were scanned at 400x magnification on 

a Carl Zeiss AxioScan Z1. Representative images from uninfected, P. falciparum- and P. 

vivax-infected spleens are presented, as well as images from cases of splenomegaly and 

severe splenomegaly with P. falciparum infection (A). The percentages of white pulp and 

red pulp were determined using the tracing tool in ZEN and grouped into control (n=1), P. 

falciparum (n=13) and P. vivax infections (n=6) (B). The median and individual data points 

are shown and statistical comparisons between the two Plasmodium species performed 

using the Mann-Whitney test. Associations between spleen weight and white pulp (C) or 

red pulp (D) were determined using Pearson correlations. In the red pulp, the number of 

red blood cells (RBCs) per field of view was counted for each spleen and correlated with 

spleen weight in P. falciparum and P. vivax (E). Spleen weights were log transformed and 

line of best fit determined from linear regression. A p-value less than 0.05 was considered 

significant. In all plots, triangle datapoints represent spleens from patients recently treated 

with antimalarials and circle datapoints represent spleens from untreated patients.   
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5.8 Discussion 

This study analyses human spleens from a cohort of asymptomatic individuals living in a 

malaria endemic area and provides definitive evidence that the spleen is a subclinical 

reservoir for P. vivax and P. falciparum. Non-phagocytosed parasites of both species and 

all stages were more concentrated in the spleen compared to peripheral blood, the 

estimated ratio being greatest for P. vivax. The spleen thus concealed a substantial 

proportion of the total non-phagocytosed parasite load, greatest in P. vivax infection. 

Parasites in both species were predominantly found in the cords of the red pulp. 

Splenomegaly in both species was associated with red pulp expansion due to RBC 

congestion with predominantly uninfected RBCs. Larger spleens in P. falciparum than P. 

vivax infections suggest a greater retention of uninfected RBCs in the red pulp cords, 

possibly from the reduced deformability of uninfected RBCs known to occur in falciparum 

malaria (Dondorp et al. 1999; Ishioka et al. 2016) or speculatively, from greater splenic 

stringency in P. falciparum infection.  

In addition to the significant splenic reservoir of non-phagocytosed infected RBCs, large 

proportions of parasite remnants and malaria pigment within cord macrophages were also 

observed. This is consistent with a major concurrent protective role for the spleen in 

asymptomatic infection from both species, and with the biomechanical retention and 

clearance of P. falciparum-infected iRBCs seen in P. falciparum ex vivo spleen studies 

and fatal malaria series (Buffet et al. 2011; del Portillo et al. 2012; Deplaine et al. 2011; 

Joice et al. 2014; Prommano et al. 2005; Safeukui et al. 2008; Urban et al. 2005). In the 

present study, the coexistence non-phagocytosed, intact, asexual stage parasites in the 

spleen (between 30-40% of total splenic parasites in both species) with the frequent 

pigmented splenic macrophages suggests that asymptomatic infection may persist in the 

spleen despite frequent parasite phagocytosis and clearance. Non-phagocytosed iRBCs 

in the spleen have been previously detected in a case of P. vivax-associated spleen 

rupture (Siqueira et al. 2012) and in fatal falciparum (Joice et al. 2014; Urban et al. 2005) 
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and vivax malaria (Hehir 1927), but these parasites were not tested for viability. Parasite 

maturation curves generated from ex vivo P. falciparum culture systems confirmed the 

viability of at least the P. falciparum parasites. The inability to maintain P. vivax in 

continuous culture, together with the presence of only submicroscopic P. vivax infections, 

likely limited our ability to detect P. vivax growth in the peripheral and splenic blood 

samples. A key finding was that non-phagocytosed parasitaemias ranged between 24 

and 2100 times greater in the spleen compared to peripheral blood in asymptomatic P. 

falciparum infection, and between 2210 and 3620 times greater in asymptomatic P. vivax 

infections, suggesting intact iRBCs were accumulating and not simply passing through 

the spleen. While it is likely that many non-phagocytosed parasites, perhaps a majority, 

would eventually be engulfed by host macrophages and cleared, we hypothesize that a 

significant proportion of intact iRBCs evade host recognition and remain in the spleen to 

continue their life cycle (maturation and reinvasion of surrounding reticulocytes and 

normocytes, thus retaining the high splenic parasitaemias), or spill out into the peripheral 

blood once recently-invaded splenic reticulocytes mature and become more deformable 

(see chapter 6), or perhaps even enter a phase of dormancy under unfavourable 

conditions (discussed further later). Establishment of a cryptic asexual life cycle in the 

spleen (and bone marrow) has been recently demonstrated in P. berghei-infected rodents 

(Lee, Waters & Brewer 2018).  

Recent studies propose that the human spleen may be a site for survival of P. vivax in 

the host (Barber et al. 2015; Fonseca et al. 2017). In the present study, the estimated 

spleen-to-peripheral blood non-phagocytosed iRBC ratios indicated that the relative 

accumulation of iRBCs in the spleen was much greater for P. vivax than P. falciparum. 

Moreover, the absolute non-phagocytosed P. vivax parasite load was greater in the 

spleen than that circulating in peripheral blood. These findings support the spleen as a 

major human organ for persistence of asexual-stage-P. vivax. The bone marrow is 

recognized as another possible compartment for P. vivax accumulation. While an early, 

and to-date the only series, showed no evidence of P. vivax-iRBCs in human bone 
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marrow samples (Wickramasinghe et al. 1989), later case reports in humans (Baro et al. 

2017; Imirzalioglu et al. 2006; Ru et al. 2009) and a recent study in a splenectomised non-

human primate model (Obaldia et al. 2018) suggest that bone marrow accumulation may 

occur. However, the true frequency and density of P. vivax infection in bone marrow is 

not well characterised. In contrast to the human spleen series presented here, total and 

stage-specific P. vivax loads were comparable to or lower in the bone marrow than 

peripheral blood in the splenectomised non-human primate model (Obaldia et al. 2018). 

The spleen and bone marrow are suitable environments for P. vivax proliferation as both 

compartments contain greater immature reticulocytes (see chapter 6) that are targeted 

by this species for invasion (Malleret et al. 2015; Mel, Prenant & Mohandas 1977). While 

it was not possible to examine bone marrow samples in the Indonesian splenectomised 

patients, P. vivax may be more adapted to and/or encounter less stringent barriers in 

accessing the spleen, possibly because this organ forms part of the normal circulatory 

pathway, and is an organ where maturation of immature reticulocytes occurs 

physiologically (see chapter 6). Whether human bone marrow remains a major P. vivax 

reservoir in spleen intact cases is still unclear. 

Compared to the bloodstream, reduced blood flow and shear stress in the slow open 

circulation of the splenic cords hypothetically offers a more suitable environment for 

successful invasion upon schizont rupture and release of merozoites than in the 

vasculature. This may contribute to the frequent localization of non-phagocytosed P. vivax 

parasites in the cords, particularly young asexual stages and a proportion of schizonts. 

The mechanism by which P. vivax accumulates in the spleen is uncertain. The absence 

of P. vivax schizonts in peripheral blood in our study, and the relative small proportion 

reported in vivax malaria (Field & Shute 1956), supports their maturation outside the 

peripheral circulation (Totino & Lopes 2017). Rosette formation by P. vivax schizonts 

increase their rigidity in vitro (Zhang et al. 2016) and may induce biomechanical retention 

in the splenic filtration beds, however, no definitive structures resembling rosettes were 

observed in the P. vivax-infected spleens. Based on their deformable nature (Handayani 
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et al. 2009; Suwanarusk et al. 2004; Zhang et al. 2016) and the absence of rosettes, it is 

possible that red cells with mature P. vivax parasites may be retained in the spleen by 

cytoadhering to host cells (Carvalho et al. 2010; Lopes et al. 2014) possibly via parasite-

expressed vir proteins and host ICAM-1 interactions (Bernabeu et al. 2012). Upon 

schizogony, P. vivax merozoites preferentially invade immature reticulocytes (Malleret et 

al. 2015), a population of RBC precursors with reduced deformability (Malleret et al. 

2013). Young asexual stages from the recent invasion of immature reticulocytes are likely 

biomechanically retained for a short period in the spleen until reticulocyte maturation is 

achieved, a process that is accelerated to 3 hours upon P. vivax invasion (Malleret et al. 

2015). Previous studies reporting increased deformability of P. vivax isolates from patient 

peripheral blood (Handayani et al. 2009; Suwanarusk et al. 2004) may not have been 

able to detect recently-infected less-deformable reticulocytes trapped in the spleen. The 

frequent observation of young asexual stages in the cords supports that P. vivax invasion 

may have recently taken place in this organ. 

Why P. vivax gametocytes and some schizonts were found in the PFZ is unclear. 

Interestingly, in addition to their absence in peripheral blood, these stages were also 

absent in the sinus lumen, a compartment located downstream from the PFZ in the fast 

closed circulation of the spleen. The PFZ lacks endothelial cell lining, with outer areas 

combining with the red pulp and comprising the ends and beginnings of sinuses. These 

features allow the PFZ to be regarded as a specialized part of the slow open circulation 

and may function as an entry point for blood cells into the splenic white and red pulp 

(Steiniger, Barth & Hellinger 2001). We speculate that, under certain conditions, P. vivax 

schizonts cytoadhere in the PFZ, and following schizogony their merozoites gain entry 

into the red pulp to invade the rigid immature reticulocytes that are trapped in the cords, 

while P. vivax gametocytes detach and re-enter the fast closed circulation as a 

mechanism to continue transmission. 
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Parasite sequestration in the microvasculature and tissues is well-established for P. 

falciparum (Marchiafava & Bignami 1894; White et al. 2013) but robust direct in vivo 

evidence in extra-splenic tissues is lacking in P. vivax and is not thought to occur to a 

large extent (WHO 2014). While the present data suggest P. vivax retention may take 

place in the spleen, no direct evidence showing ligand-based interactions was explored. 

In P. falciparum infections, parasites sequestered in blood vessels were not taken into 

account in the measures of peripheral parasite burden. Therefore, non-phagocytosed 

parasitaemias and total parasite loads measured in peripheral blood in P. falciparum 

infections are likely minimum estimates of the extra-splenic total parasite biomass, while 

the spleen-to-peripheral ratios are likely overestimates of the proportion retained in the 

spleen. These limitations may be less important for asexual ring stages, which are less 

cytoadherent in peripheral microvasculature, and the late sexual stage of P. falciparum 

that is not known to cytoadhere in microvasculature and can escape biomechanical 

retention due to being deformable (Duez et al. 2015).  

The accumulation of P. falciparum schizonts in the cords may largely be attributable to 

biomechanical entrapment, with only few, possibly less developed, schizonts crossing 

into the sinus lumens, while schizonts in the PFZ are likely accumulating by ligand-

receptor interactions for the same reasons speculated for P. vivax. P. falciparum 

merozoites can invade RBCs of all ages but also have a preference for younger RBCs 

(Wilson, Pasvol & Weatherall 1977), hence, the few schizonts that escape host clearance 

mechanisms may rupture and, like P. vivax, target reticulocytes in the splenic cords. As 

the spleen is also a vascular organ, endothelial cytoadherence and tissue sequestration 

associated with P. falciparum pathogenesis elsewhere may also occur in the spleen.  

It was notable that a higher proportion and absolute number of immature P. falciparum 

gametocytes were found in the spleen than in peripheral blood of asymptomatic 

individuals. While not previously documented, this is consistent with the accumulation of 

young gametocytes in the bone marrow in falciparum malaria (Aguilar et al. 2014; Farfour 
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et al. 2012; Joice et al. 2014). The immature P. falciparum gametocytes were localised in 

the cords, with very few observed in the sinus lumens, suggesting that these stages do 

not rely on cytoadherence and are likely accumulating by mechanical entrapment. This is 

consistent with the reduced deformability of these stages (Duez et al. 2015) as has been 

likewise proposed in the bone marrow (Joice et al. 2014). A higher proportion of 

parasitaemia consisting of mature P. falciparum gametocytes in peripheral blood than the 

spleen suggests these sexual stages are only passing through the spleen, consistent with 

their ability to deform and navigate interendothelial slits ex vivo (Duez et al. 2015). The 

localized increase of mature gametocytes in the cords and sinus lumens may reflect those 

that have recently matured in the spleen and are re-entering circulation. Our findings 

indicate that the spleen may play a role in P. falciparum gametocytogenesis, similar to 

the mechanisms recently described in P. berghei-infected mice (De Niz et al. 2018). 

P. vivax parasites have been observed in the spleen of patients with negative peripheral 

blood smears (Hehir 1927; Mokashi et al. 1992), suggesting the possibility of hidden 

organ infections. In the present study, three patients had Plasmodium detected in the 

spleen but not peripheral blood, all P. falciparum. In patient #12, who was HRP2 RDT 

positive with many pigmented macrophages in the spleen, the positive PCR signal was 

likely residual detection of a recently treated clinical P. falciparum episode several days 

prior to splenectomy which was treated. In contrast, patient #11 and #20 had no history 

of malaria in the 2 months prior to surgery and were negative by microscopy, HRP2 RDT 

and PCR. We interpret this as further evidence of hidden P. falciparum reservoirs in 

asymptomatic individuals with no PCR-detectable circulating parasites, and suggests that 

malaria prevalence in endemic areas may be higher than that currently being measured 

by mass blood screening with molecular tools. This inability to identify infections present 

in compartments other than peripheral blood may further compromise malaria elimination 

strategies relying on ‘test and treat’ screening of peripheral blood. A case of hidden 

splenic P. vivax infection may have been present in patient #2, whom had only PCR-

detectable P. malariae infection found in peripheral blood.  
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The high rate of infection in a relatively small cohort was surprising, particularly for P. 

falciparum. The prevalence of peripheral Plasmodium infection in those requiring 

splenectomy for trauma was higher than that seen in the general Timika population (Pava 

et al. 2016), significantly so for P. falciparum. We hypothesise an increased risk of trauma-

related splenic rupture in people with asymptomatic parasitaemia, with risk proportional 

to the magnitude of splenomegaly in P. falciparum. Supporting this, spleens were larger 

in those infected with P. falciparum compared to P. vivax. Increased splenic tension from 

the increased congestion of RBCs, together with the increase in surface area in larger 

spleens, likely elevates the likelihood of rupture from a given degree of trauma. Taken 

together, we speculate that the high prevalence of P. falciparum in our cohort was 

probably because of its propensity to cause larger spleens and a higher risk of rupture of 

larger spleens compared to more normal-sized spleens experiencing the same degree of 

trauma. The larger spleens in P. falciparum may result from greater retention and 

congestion of uninfected RBCs in the cords of the red pulp as a consequence of the 

reduced deformability of these cells seen in falciparum malaria (Dondorp et al. 1999; 

Ishioka et al. 2016), and possibly from greater splenic stringency in P. falciparum 

infections. RBC congestion in the splenic sinusoids has been previously reported in a 

fatal case of falciparum malaria (Harnagel & Rhudy 1954). This may also contribute to 

the malarial anaemia seen in asymptomatic P. falciparum infection (Pava et al. 2016), 

and is consistent with early radio-labelling studies showing reduced erythrocyte survival 

in non-severe (Lee et al. 1989) and severe falciparum malaria (Looareesuwan et al. 1990) 

and following clearance of parasitaemia (Looareesuwan et al. 1987b; Woodruff, Ansdell 

& Pettitt 1979), which was enhanced in malaria patients with splenomegaly 

(Looareesuwan et al. 1987a). The role of genetics in RBC deformability and splenic 

retention (Bereczky et al. 2006; Ilardo et al. 2018) is not known and warrants further 

investigation. 

Larger spleens in asymptomatic P. falciparum but not P. vivax infections had several other 

implications. Firstly, the increase in red pulp was matched by both a proportional reduction 
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in the size of white pulp in proportion to splenic size. We speculate this may reflect and 

contribute to the impairment of cellular immune responses seen in falciparum malaria 

(Kho et al. 2015; Minigo et al. 2009; Pinzon-Charry et al. 2013; Urban et al. 2001), and, 

given the importance of the spleen in the immune response to encapsulated bacteria 

(Cullingford et al. 1991; Kirikae et al. 1984), contribute to the association between 

falciparum malaria endemicity and risk of bacteraemia (Nyein et al. 2016; Scott et al. 

2011). Secondly, while spontaneous spleen rupture is estimated to occur more commonly 

during and following symptomatic P. vivax than acute P. falciparum, with splenomegaly 

seen in a greater proportion of those with spleen rupture from P. vivax than P. falciparum  

(Imbert, Rapp & Buffet 2009; Lubitz 1949; Zingman & Viner 1993), the present data 

suggest the degree of splenomegaly and the risk of trauma-related splenic rupture may 

be reversed in individuals with asymptomatic infections with these species. 

Two patients in our cohort (#16 and #20) with spleen weights in excess of 1 kilogram 

underwent elective splenectomy and were likely suffering from HMS. While patient #20 

had microscopy-detectable P. falciparum parasites in the spleen, the species with known 

implications in HMS, patient #16 had microscopy-detectable P. vivax in the spleen and 

submicroscopic parasitaemia in peripheral blood. While P. vivax has been previously 

detected by PCR in peripheral blood in HMS (Mitjà et al. 2011; Torres et al. 2003), no 

studies have reported P. vivax in the spleen in HMS. Whether P. vivax alone can induce 

HMS is still unclear and requires further investigation.   

Dormant forms of P. falciparum persist in RBCs in vitro (LaCrue et al. 2011; Teuscher et 

al. 2010), however, no direct evidence of their existence in humans has been reported. 

Artemisinin-induced dormant iRBCs can re-enter growth phases under normal culture 

conditions (Peatey et al. 2015; Teuscher et al. 2010). In the present study, blood samples 

were cultured for up to 3 weeks and examined for parasite growth. Delayed parasite 

growth in the single uninfected individual, which may have suggested the presence of 

dormant parasites, was not observed. Splenic parasites detected late in patient #21 was 
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likely a reflection of the inability to detect normal growth at submicroscopic levels with the 

microscopy-detectable threshold being exceeded after 192 hours in culture. Interestingly, 

morphological features of dormant parasites (Peatey et al. 2015; Teuscher et al. 2010) 

were apparent in treated and untreated P. falciparum-infected spleens, suggesting these 

forms may exist in the human spleen. Others have speculated that dormant parasites are 

responsible, in part, for P. falciparum and P. malariae attacks reported in non-endemic 

countries many years after initial exposure and treatment (Greenwood et al. 2008; Vinetz 

et al. 1998). A recent study in the rodent model of P. berghei reported that parasites 

infecting splenic RBCs were less sensitive to artemisinin than in blood (Lee, Waters & 

Brewer 2018); if this finding was demonstrated in human splenic RBC infected with P. 

falciparum, it could suggest that the spleen may contribute to recrudescent infections and 

emergence of antimalarial resistance. Plasmodium falciparum can remain persistent at 

very low levels after artemisinin treatment (Chang et al. 2016a) and the spleen could 

potentially provide a favourable environment for the development of drug-resistant 

parasites. Further studies are warranted to confirm the presence of these latent forms in 

the human spleen and bone marrow. The upregulation of specific genes by artemisinin-

induced dormant P. falciparum (Gray et al. 2016) suggests a transcriptomic approach 

may be useful to screen for these parasites.   

Multiple challenges were encountered in the parasite detection methods used in this 

study. Firstly, the morphology and staining of Plasmodium found on sections from 

paraffin-embedded tissue were different to that usually observed on conventional Giemsa 

blood smears. As a result, staging was not straightforward and a number of parasites 

were categorised as having unclassifiable stages. In addition, heterogeneity in parasite 

distribution was encountered in two spleens, possible reflecting damaged tissue, which 

requires further investigation. Despite these difficulties, it was possible to describe the 

distribution of parasite stages in the different architectural regions of the spleen. To 

confirm the results generated from Giemsa stains, spleen sections will be analysed in the 

future by immunohistochemistry using species- and stage-specific antibodies in 
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conjunction with other markers. Second, we identified that sliced spleen blood samples 

only provided a minimum estimate of the microscopy-detectable splenic prevalence (5 

patients had parasites in spleen tissue sections but were negative in sliced spleen blood). 

This suggests that sliced spleen blood collected using our method is not fully 

representative of the spleen (rigid parasites likely remain in the tissues during blood 

elution) but may be an acceptable interim sample for the spleen until analysis of tissue 

sections becomes available. Thirdly, two individuals (patient #11 and #20) had 

microscopy-detectable parasites in spleen tissue sections but remained negative by 

conventional PCR in tissue and blood samples after multiple repeats with diluted samples 

and higher template volumes. In the qRT-PCR assay, the two spleens had a positive 

albeit weak signal for P. falciparum. This, together with the clear microscopy-detectable 

parasites, provided sufficient data to consider the two spleens as positive for P. 

falciparum. We speculate that inhibitors and other causes of reduced sensitivity PCR (see 

Supplementary section 5.11.1.2) were present in the spleen samples from these two 

individuals. Lastly, in our calculations of phagocytosis we assumed that each pigmented 

macrophage in the spleen engulfed one parasite. This may not necessarily be true, and 

hence, data on the proportion of phagocytosed parasite biomass are only crude 

estimates.  

Collectively, the present study is the first to comprehensively evaluate a cohort of spleens 

from asymptomatic individuals infected with P. vivax and/or P. falciparum. Patterns of 

parasite density, staging and distribution provide evidence supporting the presence of a 

non-phagocytosed and potentially viable parasite reservoir in this organ. In conclusion, 

the spleen sustains a significant proportion of both phagocytosed and non-phagocytosed 

parasites in asymptomatic Plasmodium infections, including transmission stages and 

hidden asexual-stage infections, and may plausibly be a site for parasite proliferation and 

biomass-related pathogenesis, particularly for P. vivax. The findings suggest that the 

spleen is not solely an organ for parasite destruction and clearance during Plasmodium 

infection. As in P. falciparum infections, quantitation of parasites in peripheral blood likely 
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underestimates total parasite biomass of P. vivax. Our data provide evidence supporting 

the need to revise computational modelling approaches as current studies may not take 

into account intact and viable iRBCs that accumulate in the spleen. 
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5.11 Supplementary Materials 

5.11.1 Challenges with international work 

Multiple challenges were encountered throughout the course of this study. These are 

described in the Discussion and in the following sections, and greatly impacted the quality 

of data and research in general during my candidature. Notwithstanding these difficulties, 

meaningful data were generated in the timeframe that fulfilled the study’s central 

objectives. 

 

5.11.1.1 International work 

In 2009 Indonesia introduced a new policy for the export of research samples out of the 

country by foreign researchers. Now, only two organizations (Eijkman Institute for 

Molecular Biology (EIMB) and the Indonesian Ministry of Health) have the ability to 

approve the Material Transfer Agreement (MTA) of samples, and being granted approval 

is a long and arduous process, often taking several years. Therefore, to avoid this, I 

conducted the majority of my experiments in Indonesia by collaborating with local 

institutes and importing laboratory supplies and equipment that were not available at the 

field sites. This strategy proved favourable and generated important findings, however, I 

still experienced lengthy delays due to unexpected issues outside my control. This 

included problems with importation, technical difficulties with equipment that were not 

serviceable locally, and the obstacle of samples being consumed unknowingly. Minor 

delays receiving local ethic approvals further suspended progress.   

Despite exhausting major resources in conducting experiments in country, there were 

certain study objectives that required technologies and expertise not readily available in 

Indonesia, mainly due to the highly specific and exploratory nature of the study. To fulfil 

these objectives, I pursued two MTAs in the second year of my candidature and was given 

approval for the exportation of spleen and blood DNA extracts to Australia for molecular 
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assays, and the transfer of paraffinized spleen blocks to France for the detection and 

imaging of malaria parasites. This provided an opportunity to generate comprehensive 

data from these valuable and rare samples. In Australia and during sample preparation 

in Indonesia, we faced challenges with the molecular work which are discussed further in 

section 5.11.1.2.  

Working together with collaborators in France enabled the generation of fundamental data 

for this study, however, experimental issues in France in the optimization of Plasmodium-

specific antibody stains necessary to support the results prevented publication in the 

timeframe of my candidature. In addition, disagreements regarding policies related to 

intellectual property and ownership of data prevented my ability to perform hands-on 

laboratory work in one laboratory in France, delaying the progress of some experiments. 

Overseas work will continue after my candidature to enable publication of the results.  

 

5.11.1.2 PCR challenges 

Adequate facilities for DNA extraction were not available at our field site in Papua. 

Therefore, I transferred spleen and peripheral blood samples to EIMB in Jakarta. DNA 

extraction was carried out for the purpose of molecular parasite detection and quantitation 

in peripheral blood, sliced spleen blood and spleen tissue samples. I initially proposed to 

compare parasite concentrations between peripheral blood and sliced spleen blood 

samples to allow direct comparisons per unit volume. However, DNA extractions from 

sliced spleen blood resulted in the formation of large white clots for nearly all patients 

which may contain parasite DNA. Attempts to digest the clots failed, therefore, the 

samples were deemed adequate for qualitative but not quantitative analyses. 

To overcome this issue, I compared parasite concentrations between peripheral blood 

and spleen tissue samples. DNA extraction from both sample types were excellent. 

Molecular quantitation data were adjusted to per unit mass using the known density of 

blood to allow direct comparisons between the two sample types.  
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I also experienced challenges with the qRT-PCR assay that was used to confirm 

microscopy results and quantitate samples with submicroscopic infections. 

Notwithstanding these difficulties, data on parasite DNA quantities were generated and 

were relatable to non-phagocytosed parasite burdens by microscopy. A greater parasite 

DNA concentration in the spleen than peripheral blood was apparent in P. vivax, but not 

P. falciparum. PCR assays have several limitations. In contrast to peripheral blood, DNA 

samples extracted from human tissue are rich in PCR inhibitors that may affect the 

sensitivity of the assay. We speculate that detection of splenic parasite DNA may have 

been reduced due to the presence of endogenous inhibitors in the tissue samples. As a 

result, the magnitude of difference in parasitaemia observed in P. falciparum infection by 

microscopy was lost in the PCR assay. The qRT-PCR was designed in-house for 

peripheral blood samples, and hence, parasite DNA concentrations in spleen tissue were 

probably minimum estimates of splenic parasite burden for both P. falciparum and P. 

vivax. Time constraints prevented optimization of the qRT-PCR assay. This will be done 

using spleen tissue or blood samples spiked with DNA from the spleen, and completed 

before publication of the molecular data.  
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5.11.2 Supplementary Data 

5.11.2.1 Images of each spleen from splenectomy patients. 
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Fig S5.1 Images of spleens. Each patient’s spleen was photographed for macroscopic 

records. Images missing for patient #13. Spleen weights presented in grams.  
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5.11.2.2 Haematology: patients with larger spleens have reduced circulating WBC 

and platelets 

Full blood counts were obtained preoperatively and are presented for each splenectomy 

patient in Table S5.1. White cell differentials were unavailable for five patients due to 

analyser limitations on the day of surgery. Splenectomy patients were grouped according 

to spleen size and their full blood counts compared. Of the main constituents in blood, 

circulating WBC counts were reduced in individuals with splenomegaly (p=0.047), and 

both platelet and WBC counts were markedly lower in those with severe splenomegaly 

(p=0.004 and p=0.026, respectively (Fig S5.2, A and B). A similar trend was observed for 

RBC counts and haemoglobin levels between patient groups (Fig S5.2, C and D), 

however, these were not statistically significant (all p>0.15). Similarly, no significant 

inverse associations were observed between RBC counts and haemoglobin levels with 

spleen weight were not significant (Fig S5.2E). A measure of the variation in RBC volume 

(RDW-CV) was significantly higher in individuals with splenomegaly (p=0.012, Fig S5.2F).  
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Footnotes to Table S5.1: 

a Pv, P. vivax; Pf, P. falciparum; Mix, Pf and Pv; ND, not detected. 

b N, normal (<250 g); S, splenomegaly (250-1,000 g); SS, severe splenomegaly (>1,000 g). 

White cell differentials unavailable for five patients due to analyser limitations. 

Abbreviations: N/A, not available (missing); Hb, haemoglobin; Hct, haematocrit; MCV, mean corpuscular volume; 

MCH, mean corpuscular haemoglobin; RDW-CV, red blood cell distribution width – coefficient of variation; RDW-SD, 

RDW – standard deviation; PDW, platelet distribution width; P-LCR, platelet large cell ratio; MPV, mean platelet 

volume. 
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Fig S5.2 Circulating WBCs, platelets and RBCs based on spleen size. Automated full 

blood counts were obtained from patient blood taken before the splenectomy commenced 

and the resulting data grouped according to spleen sizes; 5 normal (N, <250 g), 15 

splenomegaly (S, 250 – 1,000 g), and 2 severe splenomegaly (SS, >1,000 g). 

Comparisons between spleen size groups included white blood cell (WBC) counts (A), 

platelet counts (B), red blood cell (RBC) counts (C), hemoglobin (D), and RBC distribution 

width (RDW-CV) (F). Associations between RBC count/hemoglobin and spleen weight 

was also tested (n=22) (E). Data points (circles) represent individual patients. Median 

values are shown for N and S groups in panel A-D and F. The Kruskal-Wallis with Dunn’s 

multiple comparisons test was used to statistical comparisons. For correlations, spleen 

weights were log transformed and tested using Pearson analysis. A p-value less than 

0.05 was considered significant.  
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5.11.2.3 Haematological changes several months after splenectomy 

Pairwise analysis between full blood counts obtained at surgery and at follow up were 

available for 18 splenectomy patients, and paired white cell differential data were 

available for 13 splenectomy patients. Circulating RBC counts, haemoglobin levels and 

haematocrit percentages were significantly higher in the months after surgery compared 

to day of splenectomy (Fig S5.3, A-C). Other RBC parameters that were significantly 

higher at the follow-up timepoint include RDW-CV (p=0.028) and RDW-SD (p=0.034), 

while the mean corpuscular volume (MCV) and haemoglobin (MCH) were significantly 

lower (p=0.0008 and p=0.005, respectively). Platelet counts were also elevated post-

splenectomy (Fig S5.3D). No significant differences were observed in total circulating 

WBC counts between the two timepoints (Fig S5.3E), however, specific WBC types 

showed significant changes, including reduced circulating neutrophils and increased 

levels of lymphocytes, eosinophils and basophils at follow-up (Fig S5.3, F-I). Monocyte 

counts and platelet parameters were comparable before and after splenectomy (all 

p>0.10).  
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Fig S5.3 Hematological parameters before and after splenectomy. Patient blood was 

taken again at a follow-up timepoint at least 2 months after splenectomy. Pairwise 

comparison (n=18) of hematological parameters obtained at surgery and at follow-up (FU) 

are presented including red blood cell (RBC) counts (A, n=), hemoglobin (B), hematocrit 

(C), platelet counts (D) and white blood cell (WBC) counts (E). WBC differential counts 

(n=13) were available for neutrophils (F), lymphocytes (G), eosinophils (H) and basophils 

(I). Data points with connected lines represent paired samples and were compared using 

the Wilcoxon test (****p<0.0001, ***p<0.0005, **p<0.005, *p<0.05).   
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6.1 Chapter Rationale 

The previous chapter provides novel evidence supporting the existence of a subclinical 

hidden Plasmodium biomass in the spleen. This was particularly apparent for P. vivax, 

the parasite species with a strict tropism for invading immature reticulocytes. 

The following chapter examined if immature reticulocytes concentrate in the human 

spleen. The enrichment of reticulocytes in this organ may support P. vivax accumulation 

and invasion-reinvasion cycles occurring in the spleen. In addition, this chapter 

determined if immature reticulocyte levels are increased in the circulation of individuals 

without a spleen. This chapter is presented as a manuscript draft.   
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6.4 Abstract 

Background: The maturation of human reticulocytes outside the bone marrow is 

incompletely understood. Higher total reticulocyte counts in human spleen imprints and 

in peripheral blood of splenectomised individuals suggest that the spleen may play a role 

in reticulocyte maturation. Reticulocyte ages in the human spleen and in peripheral blood 

before and after splenectomy has not been previously examined.  

Methods: Spleen and peripheral blood samples were collected at surgery and 2-5 months 

after splenectomy from 10 Indonesian trauma patients. Serial perfusates were also 

collected from the ex vivo flushing of two spleens from French spleno-pancreatectomy 

patients. Reticulocyte maturities and counts were examined by CD71 flow cytometry. 

Deformability was examined by microsphiltration.  

Results: In trauma patients, counts and proportions of highly immature reticulocytes were 

greater in the spleen and post-splenectomy peripheral blood compared to matching 

peripheral blood from surgery. Splenic reticulocytes were less deformable than those in 

peripheral blood, and counts of immature splenic reticulocytes correlated with spleen 

weight. In flushed spleens, total and immature reticulocyte counts were higher in 

perfusates representing splenic content than those representing peripheral blood.  

Conclusion: Human reticulocytes, particularly those that are immature, accumulate 

biomechanically in the spleen, and circulate at higher concentrations in the bloodstream 

of individuals without a spleen. Findings suggest the spleen is a site for maturation of 

young reticulocytes released from the bone marrow.  
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6.5 Introduction 

Reticulocytes are a small heterogenous population of anucleated red blood cell (RBC) 

precursors that make up 0.5% to 2.5% of circulating erythrocytes. Their maturation 

involves substantial remodelling of the cytoplasm and cell membrane which is 

characterized by a gradual loss of CD71 transferrin receptors and intracellular RNA 

content (Brun, Gaudernack & Sandberg 1990; Heilmeyer & Westhauser 1932; Kono et 

al. 2009; Malleret et al. 2013). In the process of erythropoiesis, reticulocytes are the 

penultimate phase of erythroblast maturation prior to becoming mature RBCs 

(normocytes). 

The complex process of reticulocyte maturation originates in the bone marrow (Griffiths 

et al. 2012), however, their subsequent development outside this tissue at steady-state 

or during erythropoietic stresses are not fully understood. Early studies have found 

elevated reticulocyte levels in the spleens of humans (Berendes 1959) and animals 

(Dornfest, Handler & Handler 1971; Kogawa, Sudo & Imai 1977; Song & Groom 1972; 

Sorbie & Valberg 1970). In addition, increased reticulocyte concentrations have been 

reported in the bloodstream of splenectomised humans (Ek & Rayner 1950; Haan et al. 

1988) and animals (Benhamou & Nouchy 1932; Krumbhaar 1932; Lorber 1958; Mason, 

Thomas & Sandhu 1984; Mole 1925). While the spleen is a niche for extramedullary 

haematopoiesis (Oda et al. 2018) during disease states such as thalassaemia, 

myelofibrosis and bone marrow failure, the absence of proerythroblasts in the spleen 

(Song & Groom 1972) suggests that physiological postnatal erythropoiesis does not take 

place in this organ. Taken together, it is generally accepted that reticulocytes released 

from the bone marrow, which can be premature in emergency situations, undergo a final 

maturation process in the spleen, however supporting data are derived from animal 

studies (Mason, Thomas & Sandhu 1984; Rhodes et al. 2016; Song & Groom 1972), and 

human studies to support this are lacking.  
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Non-human mammalian reticulocytes retained in the spleen are thought to be those of 

immature stages (Kogawa, Sudo & Imai 1977). The fact that immature reticulocytes have 

increased rigidity (Malleret et al. 2013), and that the spleen functions as a biomechanical 

sensor for filtration of poorly deformable RBCs (Bowdler 2002; Deplaine et al. 2011), 

supports the retention of immature reticulocytes in this organ. However, to date, no study 

has characterized the maturity of reticulocytes in the human spleen or in peripheral blood 

of individuals without a spleen. Deducing the maturity of human reticulocytes in these 

compartments will provide insight into the occurrence of splenic reticulocyte maturation, 

and may have important implications for the fundamentals of erythropoiesis and disease 

pathology. Infection with P. vivax, a major species causing malaria, is characterized by 

the strict invasion of host reticulocytes (Craik 1920; Hegner 1938; Kitchen 1938), 

particularly those that are immature (Malleret et al. 2015). Retention and concentration of 

immature reticulocytes in the spleen would enhance the receptivity of the spleen for P. 

vivax infection and provide a mechanism for it being a multiplication site for P. vivax 

parasites (Barber et al. 2015; Fonseca et al. 2017; Kho et al. 2018a; Siqueira et al. 2012). 

Here, we have separately characterized the maturity of peripheral and splenic 

reticulocytes from two different adult populations. Peripheral blood and spleen tissue were 

collected from individuals undergoing splenectomy in Papua, Indonesia, with peripheral 

blood collected again several months after their surgery. Reticulocyte counts and 

maturities were examined by CD71 flow cytometry and deformability was evaluated by 

microsphiltration. In Paris, France, spleens from spleno-pancreatectomy patients were 

flushed and perfusates were examined using similar methodologies.  
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6.6 Methods 

6.6.1 Patient recruitment 

Two patient cohorts were included in the study. At Rumah Sakit Umum Daerah (RSUD), 

a regional hospital in Papua, trauma patients undergoing splenectomy between July 2015 

and September 2016 were enrolled. Methodologies related to patient recruitment, 

consent, clinical management, sample collection and follow-up are described in detail in 

chapter 5 (section 5.6.1 and 5.6.2). All patients were tested for HIV infection.  

In the second cohort, hospital patients undergoing spleno-pancreatectomy for any reason 

were enrolled between December 2017 and November 2018 as part of ongoing 

transfusion studies in Paris. Patients received normal medical and surgical care according 

to hospital protocols. Patient consent was obtained by the surgical team. Clinical data 

were collected including age, gender and surgical information. 

 

6.6.2 Samples and Infection 

Peripheral blood and spleen tissue were collected intra-operatively from Indonesian 

splenectomy patients as described in chapter 5 (section 5.6.2.1). Samples were examined 

for Plasmodium infection according to microscopy and molecular detection methods 

described in chapter 5 (section 5.6.3). Each spleen was dissected, and sliced spleen 

blood collected according to the methods described in chapter 5 (section 5.6.2.2 and 

5.6.2.3). Peripheral blood was collected again from splenectomised patients at a follow 

up time point (≥2 months after splenectomy). Automated blood counts were obtained 

using a hospital Sysmex XS-1000i haematology analyser (Hyogo, japan). Heparin and 

ACD-anticoagulated peripheral blood and sliced spleen blood were used for the 

experiments in this study. 

French spleens were collected on the day of surgery according to published protocols 

(Buffet et al. 2006). The splenic artery and vein were cannulated within 90 minutes of the 
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surgical procedure and transported to the research laboratory for experiments (section 

6.6.5). Spleens were macroscopically and microscopically normal. 

 

6.6.3 Reticulocyte enrichment and CD71 phenotyping 

6.6.3.1 Labelling 

Heparin-anticoagulated peripheral blood and sliced spleen blood from Indonesian 

patients were magnetically enriched for reticulocytes within 24 hours of surgery. First, 

blood samples were centrifuged and had plasma/supernatant removed, then RBC pellets 

were resuspended in equal volumes of cold MACS buffer (1:20 ratio of MACS BSA Stock 

and autoMACS Rinsing Solution). Twelve µL of anti-CD71 MicroBeads were added per 

mL of reconstituted blood, mixed, then incubated for 15 minutes at 4°C. Labelled blood 

samples were centrifuged, supernatants discarded, and pellets washed and resuspended 

in equal volumes of cold MACS buffer. Labelled samples were kept cold until further use. 

A small volume was aliquoted for CD71 phenotyping by flow cytometry. All reagents were 

purchased from Miltenyi Biotec (Bergisch Gladbach, Germany). 

 

6.6.3.2 Enrichment 

MS Columns connected to 30 µm Pre-Separation Filters were attached to a magnetic 

octoMACS Separator (all from Miltenyi Biotec, Bergisch Gladbach, Germany). Columns 

were hydrated with cold MACS buffer, then carefully loaded with 2 mL of labelled sample 

per column. Cells labelled with anti-CD71 MicroBeads were retained in the columns while 

non-labelled cells were collected into individual falcon tubes. Once sample flow stopped, 

1 mL of cold MACS buffer was added to wash each filter/column. Wash buffer was allowed 

to completely elute, then pre-separation filters were removed and columns were washed 

again twice with cold MACS buffer. 
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To collect retained cells, columns were removed from the magnet and placed onto new 

falcon tubes. Cells were eluted by adding 1 mL of cold MACS buffer and the columns 

drained manually with supplied plungers. The multiple enriched suspensions were pooled 

into two tubes labelled as peripheral blood or sliced spleen blood, then the total number 

of cells in each tube counted using a Neubauer chamber.  

 

6.6.3.3 Reticulocyte and CD71 flow cytometry 

Pre-enriched (5 µL) and enriched (200,000 cells) suspensions from peripheral blood and 

sliced spleen blood samples were stained with a 3-color flow cytometry panel consisting 

of anti-CD45 (clone HI30) conjugated to alexa fluor 488, anti-CD71 (clone CY1G4) 

conjugated to phycoerythrin, and the fluorescent nucleic acid dye SYTO61. Isotype 

controls comprised anti-IgG2a conjugated to phycoerythrin instead of anti-CD71. Stains 

were incubated for 20 minutes at RT in the dark, then at least 150,000 events acquired 

on a BD Accuri C6 flow cytometer with CFlow Sampler software (BD Biosciences, 

Australia). All antibodies were purchased from BioLegend (San Diego, CA) and SYTO61 

from Thermofisher (Massachusetts, US). 

 

6.6.4 In vitro reticulocyte deformability assay (microsphiltration) 

6.6.4.1 Preparation 

An in vitro assay for the measurement of reticulocyte deformability was performed on a 

subset of ACD-anticoagulated peripheral blood and sliced spleen blood from Indonesian 

patients within 24 hours of surgery. WBC depletion was performed prior to 

microsphiltration using Plasmodipur filters as per manufacturer’s instructions 

(EuroProxima, Arnhem, Netherlands). Microsphere tips that mimicked mechanical 

filtration in the spleen were prepared in Australia as previously described (Deplaine et al. 

2011), dried overnight in a vacuum compartment, then transported at RT to Papua. Tips 
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were stored at RT in sealed desiccated bags and rehydrated with 1% Albumax-II/PBS for 

experiments. Prior to commencing the study, dehydration and rehydration of tips were 

quality tested using methods described in section 6.6.4.4 and showed no difference in 

results compared to freshly prepared tips (data not shown).   

 

6.6.4.2 Normal and heated control RBCs 

Fresh human RBCs were collected on the day of experiments for quality control (QC) of 

microsphere tips. RBCs were washed with PBS and resuspended at 1% haematocrit in 

1% Albumax-II/PBS (Thermofisher, Massachusetts, US). Heated RBCs were prepared by 

incubating at 50°C for 20 mins. Heated and normal RBCs were labelled with PKH-26 or 

PKH-67 Fluorescent Cell Linker kit for general cell membrane labelling (Sigma Aldrich, 

Missouri, US) as described elsewhere (Duez et al. 2015). PKH-labelled heated and 

normal RBCs were added to WBC-free patient RBC samples, each making up 5% of total 

RBCs. The resulting RBC suspensions were adjusted to 2% haematocrit using 1% 

Albumax-II/PBS and termed as splenic or peripheral upstream samples.  

 

6.6.4.3 Microsphiltration 

Microsphere tips were washed by perfusing with 2 mL of flow solution (1% Albumax-

II/PBS). A total of 600 µL of upstream sample was introduced upstream of the 

microsphere tip and perfused with 6 mL of flow solution through the microbead layer. A 

constant flow rate of 60 mL/hour was maintained using an electric syringe pump. Each 

sample was run in triplicate and the downstream samples retrieved into falcon tubes. The 

system setup is illustrated in Fig 6.1A.  
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Fig 6.1 System setups for microsphiltration and spleen perfusion. In the Indonesian 

cohort, deformability of reticulocytes was measured by microsphiltration as illustrated 

(Deplaine et al. 2011) (A). Equal mixtures of 5-15 µm and 15-25 µm metal microbeads 

(IPS Spherical Powder Industries, Annemasse, France) were used to generate single tip 

microsphere layers that mimicked the splenic microcirculatory beds and interendothelial 

slits (Ai1). Upstream blood samples were added (1) together with a flow solution of 1% 

Albumax-II/PBS (2) at a flow rate of 60 mL/hour. Rigid cells were retained in the 

microsphere layer (3) while deformable cells eluted into collection tubes and termed 

downstream samples (4). Reticulocytes in the upstream and downstream samples were 

counted by microscopy using New Methylene Blue staining (B). Retention rates were 
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calculated according to the formula described in the Methods section. In the French 

cohort, spleens were set up on a perfusion device as illustrated (Buffet et al. 2006) (C) 

and kept at 37°C in an enclosed chamber. Krebs-albumin solution in the reservoir was 

circulated via silicone tubing using a pump (heart) and traveled via a gas chamber 

containing 3% CO2/100% O2 (lung). Flow solution was warmed using a heating coil prior 

to entry into the spleen via the splenic artery, and exited the spleen into the reservoir via 

the splenic vein. Perfusate fractions for analysis were removed from the reservoir every 

7-8 minutes for up to 60 minutes. 
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6.6.4.4 Quality control 

QC of microsphere tips was examined by comparing the retention rate (RR) of heated 

and normal RBCs within the microbead layer. Labelling of heated RBCs with PKH-26 and 

normal RBCs with PKH-67 allowed these populations to be distinguished by fluorescence. 

Fifty microlitres of each upstream and downstream sample were diluted with 450 µL of 

flow solution and ran on a BD Accuri C6 flow cytometer with CFlow Sampler software (BD 

Biosciences, Australia). Three-hundred thousand events were collected per sample. RBC 

RR was calculated using the following formula: 

 

RBC RR =
[%upstream gate] − [%downstream gate]

[%upstream gate]
× 100 

 

Data were presented as the mean ± standard error of three replicates. Microsphere tips 

with a mean RR of >95% for heated RBCs and <5% for normal RBCs were considered 

acceptable. 

 

6.6.4.5 Reticulocyte retention rate 

Thin blood smears were prepared for each of the upstream and downstream samples and 

stained with the New Methylene Blue Reticulocyte Stain (Sigma Aldrich, Missouri, US) as 

per manufacturer’s instructions (Fig 6.1B). Reticulocytes were counted by a research 

microscopist within 30 minutes of staining and expressed as a percentage of 3000 RBCs. 

The RR of reticulocytes was calculated using the following formula and presented as the 

mean ± standard error of three replicates:  

 

Retic RR =
[%upstream retic count] − [%downstream retic count]

[%upstream retic count]
× 100 
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6.6.5 Ex vivo spleen flushing and CD71 phenotyping 

6.6.5.1 Flushing 

Spleens from French patients were set up on a perfusion device on the day of surgery as 

previously described (Buffet et al. 2006; Safeukui et al. 2008). The perfusion system is 

illustrated in Fig 6.1C. During a slow warming period to 37°C, each spleen was flushed 

with Krebs-albumin solution (25 mmol NaHCO3, 118 mmol NaCl, 4.7 mmol KCl, MgSO4, 

1.2 mmol 7H2O, 1.2 mmol NaH2PO4, CaCl2, 7 mmol glucose and 5 gr Albumax-II, in 1 L 

of water) at a flow rate starting at 1 mL/minute and up to 150 mL/minute. Perfusates were 

collected from the reservoir into lithium-heparin blood tubes every 7-8 minutes for up to 

60 minutes. These were termed spleen fractions (numbered in order of collection) and 

were stored at 4°C until further use. Transfusion-related perfusion experiments were 

conducted thereafter. 

 

6.6.5.2 Reticulocyte and CD71 flow cytometry 

Spleen fractions were centrifuged and 2 µL of each pellet resuspended in 1 mL of 1% 

Albumax-II/PBS. Suspensions were stained with anti-CD45 (clone HI30) conjugated to 

phycoerythrin-cyanine-7 and anti-CD71 (clone CY1G4) conjugated to allophycocyanin 

(both from BioLegend, San Diego, CA) for 20 minutes at 4°C. Samples were washed, 

then resuspended in diluted BD Retic-Count (thiazole orange [TO]) and incubated in the 

dark for 1 hour at RT. At least 150,000 events were acquired on a BD Accuri C6 flow 

cytometer with CFlow Sampler software.  

After excluding WBCs (CD45+ cells), reticulocytes were identified as TO+ cells and RBCs 

as TO- cells. The number of reticulocytes per thousand RBCs was determined for each 

fraction. Reticulocytes were further classified into mature (CD71-) and immature (CD71+), 

and expressed as immature CD71+ reticulocytes as a percentage of total reticulocytes. 
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6.6.6 Statistical analyses 

All statistical analyses were performed using GraphPad Prism 7 (GraphPad Software, La 

Jolla, CA). The Wilcoxon matched-pairs signed rank test was used to compare paired 

Indonesian samples. The Spearman correlation was used for associations between 

reticulocyte counts and spleen weight. Spleen fractions were compared by descriptive 

statistics only. 

 

6.6.7 Ethical approval 

The study was approved by the Human Research Ethics Committees of Gadjah Mada 

University, Indonesia, Ile-de-France II Investigational Review Board, France, and 

Menzies School of Health Research, Australia. 

 

6.7 Results 

6.7.1 Baseline characteristics of patient cohorts 

In total 10 splenectomy patients were enrolled in Papua, Indonesia. Patient baseline 

characteristics are shown in Table 6.1. The median age was 32.5 years [Range 15-46]. 

Nine patients were male, 5 were highland Papuans and 2 were lowland Papuans. All 

patients were splenectomised due to splenic injury from trauma. The median spleen 

weight was 387 grams [Range 142-785]. All patients had asymptomatic Plasmodium 

infection (4 P. vivax and 6 P. falciparum). None were HIV seropositive. 

All patients had a follow-up blood sample collected within several months of surgery 

(median 2.5 months [Range 2-5]). Paired comparison of full blood count results obtained 

on the day of surgery and at follow-up are shown in Table 6.1. RBC counts (p=0.002) and 

platelet counts (p=0.004) were significantly higher post-splenectomy.   
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Two patients underwent spleno-pancreatectomy and had their spleen collected for ex vivo 

perfusion experiments in Paris, France. The first patient was 42 years old and underwent 

surgery for an intrapapillary pancreatic tumour. The second patient was 64 years old and 

underwent surgery for adenocarcinoma. Spleen weights were 70 grams and 200 grams, 

respectively. Full blood counts were not obtained.  

 

6.7.2 Reticulocytes in peripheral blood and sliced spleen blood 

6.7.2.1 Total, CD71+ and CD71- reticulocyte concentrations are comparable in 

peripheral blood and sliced spleen blood 

The gating strategy used to phenotype reticulocytes in non-enriched samples of 

peripheral blood and sliced spleen blood is illustrated in Fig 6.2A. CD45+ WBCs were 

excluded, then reticulocytes and RBCs identified as SYTO61+ and SYTO61- cells, 

respectively. Total reticulocyte counts per thousand RBCs were comparable between 

peripheral blood and sliced spleen blood samples (Fig 6.2B and Table S6.1). 

Categorizing reticulocytes into immature (CD71+) and mature (CD71-) also showed no 

significant difference in counts between the two sample types (Fig 6.2, C and D, and 

Table S6.1). 

 

6.7.2.2 Higher concentration of immature CD71int and CD71hi reticulocytes in sliced 

spleen blood than in peripheral blood 

To evaluate reticulocyte maturities in the spleen in more detail, samples were 

magnetically enriched for reticulocytes and phenotyped by flow cytometry. The median 

reticulocyte purity in enriched samples was 95.8% [interquartile range (IQR): 94.3-98.5%]  

for peripheral blood and 56.8% [IQR: 53.4-72.6%] for sliced spleen blood. Immature 

reticulocytes were categorized into slightly immature (CD71low), moderately immature 

(CD71intermediate), and highly immature (CD71high) as illustrated in the gating strategy in  
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Fig 6.2 Total, CD71+ and CD71- reticulocytes in peripheral blood and sliced spleen 

blood from the Indonesian cohort. A 3-color flow cytometry panel was used to 

phenotype reticulocytes (retics). Representative gating is shown in ‘A’. Numbers per 

thousand red blood cells (RBCs) were determined for total (B), immature CD71+ (C) and 

mature CD71- reticulocytes (D) in peripheral and sliced spleen blood samples (n=10 

pairs). Bars represent medians. Paired datapoints are connected by dotted lines. The 

Wilcoxon test was used for comparisons (p<0.05 considered statistically significant).   
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Fig 6.3A, and expressed as a percentage of CD71+ reticulocytes and as numbers per 105 

or 106 RBCs. The percentage of CD71 low-expressing reticulocytes were significantly 

lower in sliced spleen blood relative to peripheral blood (p=0.002), while numbers per 

thousand RBCs were comparable (p=0.770; Fig 6.3B and Table S6.1). In contrast, the 

percentage and number of CD71 intermediate and high-expressing reticulocytes were 

significantly higher in sliced spleen blood relative to peripheral blood (all p=0.002; Fig 6.3, 

C and D, and Table S6.1). 

 

6.7.2.3 Immature CD71+ reticulocyte concentrations correlate with spleen weight 

We determined if splenic reticulocyte concentrations were greater in larger spleens by 

correlating with spleen weight. No associations were observed between spleen weight 

and total reticulocyte or mature CD71- reticulocyte numbers per thousand RBCs (data not 

shown). In contrast, direct associations with spleen weight were found for the 

concentrations of immature CD71+ reticulocytes in the spleen (r=0.58, p=0.088), including 

CD71 low (r=67, p=0.039), intermediate (r=0.73, p=0.073) and high-expressing 

reticulocytes (r=0.73, p=0.073) (Fig 6.4). When categorising spleens by Plasmodium 

infection, these relationships were even stronger in P. falciparum but was not apparent in 

P. vivax infection (Fig 6.4), though numbers in the latter species were small. 

 

6.7.3 Reticulocytes in ex vivo flushed spleens   

Ex vivo flushing of two spleens from France was performed as a second method to 

characterize splenic reticulocytes. Spleen #1 had 9 perfusate fractions collected and 

spleen#2 had 10 fractions. The first fraction from each spleen was representative of 

leftover peripheral blood in the vessels, while all other fractions represented splenic 

content that was flushed out with increasing flow rate/pressure. Reticulocytes were 

identified according to the flow cytometry gating strategy illustrated in Fig 6.5A, and  
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Fig 6.3 Immature CD71 low, intermediate and high-expressing reticulocytes in 

peripheral blood and sliced spleen blood from the Indonesian cohort. Samples were 

magnetically-enriched for reticulocytes (retics) and phenotyped using a 3-color flow 

cytometry panel as shown in ‘A’. Numbers as a percentage of CD71+ reticulocytes and 

per 105 or 106 red blood cells (RBCs) were determined for CD71 low (B), intermediate (C) 
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and high-expressing reticulocytes (D) in peripheral and sliced spleen blood samples 

(n=10 pairs). Bars represent medians. Paired datapoints are connected by dotted lines. 

Filled and empty circles represent P. vivax (n=4) and P. falciparum-infected spleens 

(n=6), respectively. The Wilcoxon test was used for comparisons (p<0.05 considered 

statistically significant).  
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Fig 6.4 Correlations between immature reticulocyte concentrations in the spleen 

and spleen weight from the Indonesian cohort. Numbers of immature CD71+ 

reticulocytes per thousand red blood cells (RBCs) in the spleen (A), including when 

separated into CD71 low (B), intermediate (C) and high-expressing reticulocytes (D), were 

correlated with spleen weight (n=10). Filled and empty circles represent P. vivax (n=4) 

and P. falciparum-infected spleens (n=6), respectively. Relationships were assessed 

using the Spearman correlation (p<0.05 considered statistically significant). 

  



 
  CHAPTER 6 

 

256 

 

expressed as total reticulocytes per thousand RBCs and as immature CD71+ reticulocytes 

as a percentage of total reticulocytes. 

In spleen #1, the total reticulocyte number in fraction 1 (peripheral blood) was 9 per 

thousand RBCs, increased in fraction 3 to 12 per thousand RBCs, then decreased to 5 

per thousand RBCs in fraction 5 (Fig 6.5B). Increasing flow rate resulted in an increase 

in total reticulocytes to 10 per thousand RBCs in fraction 9 (Fig 6.5B). The percentage of 

reticulocytes that were immature CD71+ was 8% in fraction 1 (peripheral blood) and was 

higher in all subsequent fractions (spleen), greatest in fraction 5 at 17% (Fig 6.5B).  

In spleen #2, the total reticulocyte number in fraction 1 (peripheral blood) was 13 per 

thousand RBCs (Fig 6.5C). Reticulocyte numbers did not increase until fraction 6 and 

was highest in fraction 7 at 28 per thousand RBCs, then decreased down to 6 per 

thousand RBCs in the last fraction (Fig 6.5C). The percentage of reticulocytes that were 

immature CD71+ was much greater than in spleen #1, starting at 41% in fraction 1 

(peripheral blood) and increasing to approximately 50% in subsequent fractions (spleen), 

except in fraction 7 which was 39% (Fig 6.5C). The percentage of immature CD71+ 

reticulocytes was highest in fraction 8 at 54% (Fig 6.5C). 

 

6.7.4 Reticulocytes in peripheral blood before and after splenectomy 

6.7.4.1 Total, CD71+ and CD71- reticulocyte counts are comparable in peripheral 

blood before and after splenectomy 

Reticulocytes in the Indonesian samples were compared in peripheral blood collected on 

the day of surgery with that collected several months after splenectomy. For these flow 

cytometry data, reticulocyte counts per µL blood were calculated using the automated 

RBC counts in whole blood. There was no significant difference in total reticulocyte 

numbers per µL blood before and after splenectomy (Fig 6.6A and Table S6.1). 

Categorizing reticulocytes into immature (CD71+) and mature (CD71-) also showed no  
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Fig 6.5 Reticulocytes in ex vivo flushed spleens from the French cohort. A 3-color 

flow cytometry panel was used to phenotype reticulocytes (retics) in perfusate fractions. 

Representative gating is shown in ‘A’. Total reticulocytes per thousand red blood cells 

(RBCs) and the number of CD71+ immature reticulocytes as a percentage of total 

reticulocytes were determined in the 9 perfusate fractions from spleen #1 (B) and the 10 

fractions from spleen #2 (C). Bars represent single readings for each fraction. Fraction 1 

(shaded bars) represented peripheral blood cells remaining in the spleen, while fractions 

2 and above represented splenic content. Results were interpreted by descriptive 

statistics only.  
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Fig 6.6 Total, CD71+ and CD71- reticulocytes in peripheral blood before and after 

splenectomy from the Indonesian cohort. A 3-color flow cytometry panel was used to 

phenotype reticulocytes (retics). Numbers per µL blood were determined for total (A), 

immature CD71+ (B) and mature CD71- reticulocytes (C) in peripheral blood collected at 

surgery and compared to peripheral blood collected at follow-up 2-5 months after 

splenectomy (n=10 pairs). Bars represent medians. Paired datapoints are connected by 

dotted lines. The Wilcoxon test was used for comparisons (p<0.05 considered statistically 

significant).  
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significant difference in counts between the two peripheral blood timepoints (Fig 6.6, B 

and C, and Table S6.1). 

 

6.7.4.2 Higher proportions and counts of immature CD71int and CD71hi reticulocytes 

in peripheral blood after splenectomy 

Immature CD71+ reticulocytes in peripheral blood collected on the day of surgery and 

several months after splenectomy were magnetically enriched with a median reticulocyte 

purity of 84.0% [IQR: 71.9-86.6%] in post-splenectomy peripheral blood. Immature 

reticulocytes were categorized into slightly immature (CD71low), moderately immature 

(CD71intermediate), and highly immature (CD71high). The percentage of CD71 low-

expressing reticulocytes were significantly lower in peripheral blood after splenectomy 

(p=0.002), while numbers per µL blood were comparable before and after splenectomy 

(p=0.375; Fig 6.7A and Table S6.1). In contrast, CD71 intermediate and high-expressing 

reticulocytes were at significantly higher percentages (both p=0.002) and counts (p=0.049 

and p=0.037, respectively) in peripheral blood after splenectomy (Fig 6.7, B and C, and 

Table S6.1).  

 

6.7.5 Reticulocytes in sliced spleen blood and post-splenectomy peripheral blood 

are more rigid 

A deformability assay measuring the ability of reticulocytes to cross a layer of microsphere 

beads that mimicked the structure of splenic filtration beds was performed on a subset of 

Indonesian peripheral blood and sliced spleen blood samples to provide insight into the 

mechanism of splenic reticulocyte accumulation. Heated and normal RBCs were used for 

QC of microsphere tips with representative flow cytometry gating shown in Fig 6.8A. 

Retention rates of >95% and <5% for heated and normal RBCs, respectively, satisfied 

QC requirements (Fig 6.8B). 
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Reticulocyte retention rates were calculated and found to be significantly higher in sliced 

spleen blood compared to matching peripheral blood (p=0.031; Fig 6.8C). A trend to 

higher reticulocyte retention rates was apparent in post-splenectomy peripheral blood 

compared to peripheral blood on the day of surgery (p=0.063; Fig 6.8D). The data indicate 

that a proportion of reticulocytes in sliced spleen blood and post-splenectomy peripheral 

blood were less deformable compared to peripheral blood at surgery.  
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Fig 6.7 Immature CD71 low, intermediate and high-expressing reticulocytes in 

peripheral blood before and after splenectomy from the Indonesian cohort. Samples 

were magnetically-enriched for reticulocytes (retics) and phenotyped using a 3-color flow 

cytometry panel. Numbers as a percentage of CD71+ reticulocytes and per µL blood were 

determined for CD71 low (A), intermediate (B) and high-expressing immature 

reticulocytes (C) in peripheral blood collected at surgery and compared to peripheral 

blood collected at follow-up 2-5 months after splenectomy (n=10 pairs). Bars represent 

medians. Paired datapoints are connected by dotted lines. The Wilcoxon test was used 

for comparisons (p<0.05 considered statistically significant). 
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Fig 6.8 Reticulocyte deformability and quality control. Reticulocyte deformability was 

measured using microsphiltration tips. PKH-labeled heated and normal red blood cells 

(RBCs) were used for quality control (QC) of tips. Representative flow cytometry plots of 

heated and normal RBCs in upstream and downstream samples are shown in ‘A’. The 

median retention rate of heated RBCs was >95% and for normal RBCs was <5% (B), both 

satisfying QC requirements (n=5 experiments). In 6 patients from the Indonesian cohort, 

reticulocyte retention rates were compared between peripheral blood and sliced spleen 

blood (C), and between peripheral blood before and after splenectomy (D). Bars represent 

medians. Paired datapoints are connected by dotted lines. The Wilcoxon test was used 

for comparisons (p<0.05 considered statistically significant).  
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6.8 Discussion 

Human spleens from trauma patients contained greater concentrations of highly immature 

CD71-intermediate and high-expressing reticulocytes compared to matching peripheral 

blood. Highly immature reticulocytes occurred at higher concentrations in peripheral blood 

2-5 months after splenectomy. Total reticulocytes and total CD71+ immature reticulocytes 

were only increased in isolated human spleens that underwent ex vivo flushing, but not 

in sliced spleen blood collected from trauma patients. The data suggest that human 

reticulocytes, particularly those that are immature, accumulate in the human spleen and 

undergo maturation before re-entering peripheral blood. Reduced reticulocyte 

deformability was observed in the spleen and post-splenectomy peripheral blood, 

suggesting biomechanical retention may contribute to the splenic accumulation of 

reticulocytes.  

Spleens from France were considered normal and perfusate fractions that represented 

splenic content had greater concentrations of total reticulocytes than the single fractions 

representing peripheral blood. This was consistent with early studies examining normal 

spleens from rabbits (Kogawa, Sudo & Imai 1977; Sorbie & Valberg 1970), cats (Song & 

Groom 1972), rats (Dornfest, Handler & Handler 1971) and dogs, as well as in adults and 

children with haemolytic jaundice or anaemia (Berendes 1959). It is unclear why total 

reticulocyte counts in the 10 trauma spleens from Indonesia were comparable to 

peripheral blood, all of which were ruptured from trauma and infected with malaria 

parasites. It was possible that, as opposed to human spleen imprints (Berendes 1959) 

and our ex vivo spleen perfusates, and despite greater concentrations of highly immature 

reticulocytes in the sliced spleen blood samples, the methodology that was used to obtain 

sliced spleen blood in Indonesia may not have captured the majority of reticulocytes. 

Alternatively, spleens from individuals with acute anaemia from the rapid blood loss 

following trauma may be less retentive than normal spleens and, hence, contained greater 

concentrations of only the fraction of immature reticulocytes at the lower end of the 
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deformability spectrum. This may have been exacerbated by the enrichment of peripheral 

blood with stress reticulocytes that are rapidly released from the bone marrow (Livingston 

et al. 2003) and, in rodents, the spleen (Alamo et al. 2017) in response to erythropoietic 

stresses, such as that arising from acute blood loss following trauma (Otterman et al. 

2009), which in our study led to the splenectomy. The further increase in concentrations 

of immature reticulocytes in peripheral blood 2-5 months after splenectomy are thus even 

more notable. 

The maturity of reticulocytes in the human spleen was hitherto uncharacterised. Using 

flow cytometry-based CD71 phenotyping, perfused human spleens showed an increase 

in immature CD71+ reticulocytes in the fractions representing splenic content relative to 

the single peripheral blood fractions. This is consistent with the only previous study, in 

rabbits, that has examined reticulocyte ages in the spleen. That study perfused a 

heterogeneous population of reticulocytes into normal rabbit spleens and found by 

microscopy the presence of only older reticulocytes with minor reticular staining in the 

perfusates, while younger reticulocytes with intense reticular staining were trapped in the 

spleen (Kogawa, Sudo & Imai 1977). While we did not observe significantly greater total 

immature CD71+ reticulocytes in the 10 trauma spleens relative to peripheral blood, 

possibly for the aforementioned reasons, highly immature reticulocytes 

(CD71intermediate/high) were significantly more concentrated in the Indonesian spleen 

samples. The greater size, rigidity and in vitro cytoadhesive capacity of highly immature 

reticulocytes in comparison to CD71low and mature CD71- reticulocytes (Malleret et al. 

2013) make biomechanical retention and/or cytoadhesion plausible mechanisms by 

which highly immature reticulocytes accumulate in the spleen.  

Results from our deformability assay indicate that passage of splenic reticulocytes 

through microsphere layers mimicking the splenic network results in retention at higher 

rates than peripheral reticulocytes, supporting biomechanical entrapment. Whether 

reticulocytes also cytoadhere in the human spleen is unclear. An increase in 
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cytoadherence to platelets and Chinese hamster ovary cells has been documented in 

vitro for human reticulocytes with higher CD71 expression (Malleret et al. 2013), 

suggesting increased stickiness in more immature cells. In addition, a subset of RBCs, 

not further characterised, has been found to adhere to reticulum cells and sinus walls in 

normal cat spleens (Song & Groom 1971).  

A recent murine study found that CD71+ immature reticulocytes released early from the 

bone marrow during erythropoietic stress undergo an in vivo maturation process which is 

inhibited by splenectomy (Rhodes et al. 2016). Many other animal studies hypothesize 

that the spleen temporarily retains reticulocytes that are released into circulation by the 

bone marrow and undergo aging in the spleen (Jandl 1960; Mason, Thomas & Sandhu 

1984; Song & Groom 1972), however, direct evidence to support this is lacking. The 

greater levels of highly immature reticulocytes in our spleen specimens may be the first 

human evidence to support this. Once matured, CD71- reticulocytes become deformable 

(Malleret et al. 2013) and can re-enter circulation from the spleen.  

It was notable that larger spleens appeared to harbour greater concentrations of immature 

reticulocytes. Together with the increased congestion of red pulp RBCs in larger spleens 

(see chapter 5), we postulate that an increase in filtration stringency occurs from 

splenomegaly in asymptomatic Plasmodium infection, particularly from P. falciparum. 

Marked congestion of splenic sinusoids has been previously reported in fatal falciparum 

malaria (Harnagel & Rhudy 1954), and splenic clearance of radio-labelled erythrocytes is 

enhanced in falciparum malaria patients with splenomegaly (Looareesuwan et al. 1987a). 

This perhaps contributes to and exacerbates immature reticulocyte and normocyte 

congestion in both P. falciparum and P. vivax-infected spleens. The congestion of RBCs 

may also be a mechanism contributing to anaemia in asymptomatic P. falciparum and P. 

vivax infections (Pava et al. 2016). 

Our analysis of peripheral blood 2-5 months after trauma-related splenectomy found no 

significant increase in total reticulocyte counts relative to peripheral blood from surgery. 
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This was consistent with a study of 4 patients splenectomised for non-RBC-related 

disorders that reported reticulocytosis on day 7 post-splenectomy, but which returned to 

normal levels by day 50 (Haan et al. 1988). We were unable to determine if reticulocyte 

levels increased in our patients in the early days following surgery. Early reticulocytosis, 

which may be attributable to a regeneration response from the blood loss incurred at 

surgery, has also been reported in splenectomised rats (Mason, Thomas & Sandhu 

1984), dogs (Krumbhaar 1932; Lorber 1958) and rabbits (Benhamou & Nouchy 1932; 

Mole 1925), but levels were found to remain high in some of these animals over longer 

observation periods. Interestingly, in Macaca mulatta, a closer mammalian relative, 

splenectomy did not increase reticulocyte levels early and remained normal over 27 

months (Krumbhaar & Musser 1923). A review of patients many years after splenectomy 

from trauma-related spleen rupture (14 years on average) found approximately half of 

patients with reticulocyte levels above the normal range (Ek & Rayner 1950), suggesting 

that a delayed increase in these cells may occur in our patients over the long term. 

Previous animal observations suggest reticulocytes were younger in blood samples after 

splenectomy (Lorber 1958; Mason, Thomas & Sandhu 1984). The maturity of human 

reticulocytes at any post-splenectomy period has not been previously examined. Here, 

we provide evidence that highly immature CD71-intermediate and -high-expressing 

reticulocytes are increased in circulation 2-5 months after splenectomy, indicating that 

immature reticulocyte populations remain high after the early reticulocytosis that is 

commonly observed following splenectomy. The absence of a spleen results in prolonged 

circulation of immature reticulocytes and maturation in peripheral blood, supporting the 

spleen as a niche for maturation of young reticulocytes after release from the bone 

marrow. In addition, increased concentrations of P. vivax-receptive immature 

reticulocytes in peripheral blood following splenectomy may facilitate greater circulating 

P. vivax parasitaemia after splenectomy. 
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In conclusion, the human spleen is a reservoir for reticulocytes and sustains a higher 

concentration of immature reticulocytes than in peripheral blood. Without a spleen, 

immature reticulocyte concentrations are increased in peripheral blood for months, and 

potentially long-term, after splenectomy. Our results support the spleen as a compartment 

for reticulocyte maturation and, together with the bone marrow, may supply young 

reticulocytes to the bloodstream during certain erythropoietic stresses. Findings provide 

novel insights into erythropoiesis and the pathobiology of microbes with tropism for 

reticulocytes, such as malaria parasites of the species P. vivax.  
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Chapter 7 

Conclusions and Future Directions 
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The decrease in global malaria incidence has paused in recent years highlighting the 

challenges with eliminating malaria. The research described in this thesis includes novel 

findings in the role of the human innate immune system in protection, pathogenesis and 

biology of human malaria, and may contribute to better strategies for malaria treatment, 

prevention and elimination. 

In chapter 2, an innate host-protective mechanism in human malaria contributing to 

control of parasitaemia was described. Platelets were found to bind and kill circulating 

Plasmodium parasites in patients infected with P. falciparum, P. vivax, P. malariae or P. 

knowlesi, via the intraerythrocytic activity of the platelet peptide, platelet factor-4 (PF4). 

These findings provide first human evidence of the antiparasitic activity of platelets, which 

thus far was only demonstrated in culture and murine malaria models (McMorran 2018). 

Given platelets are also key pathogenic effectors and mediate adverse outcomes in 

cerebral malaria (Wassmer & Grau 2016), the role of platelets in modulating malaria 

pathogenesis may depend on the stage and severity of disease – pathogenic in severe 

malaria, but protective in early infection and illness (O’Sullivan & O’Donnell 2018). The 

biological mechanisms by which platelets recognize infected red blood cells (RBCs) 

remain unanswered for several Plasmodium species and warrant further investigation. In 

addition to their role in innate host protection, platelets have the ability to present malaria 

parasite antigen and modulate T cell activation (Chapman et al. 2012), suggesting a role 

in adaptive immune responses, but whether this phenomenon occurs in natural human 

infections has not been investigated and may be useful for future vaccine research. The 

PF4-mediated killing reported here reveals the potential of platelet-based peptides to be 

used as a novel class of antimalarial drugs. A modified version of PF4 has recently been 

engineered and was found to successfully kill cultured P. falciparum at low concentrations 

without damaging the host cell or uninfected cells (Lawrence et al. 2018), highlighting the 

potential for development of this plasmodicidal peptide as an antimalarial drug.  
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In chapter 3, a second innate host mechanism facilitated by neutrophil extracellular traps 

(NETs) was examined. NETs are pathogen-killing products of neutrophil activation that 

until now were relatively unexplored in human malaria. The inverse relationship between 

NETs and parasitaemia in asymptomatic P. falciparum infection suggested a possible 

antiparasitic effect at low parasite biomass. In contrast, in symptomatic patients infected 

with P. falciparum, P. vivax or P. malariae, NETs were found to trap malaria parasites but 

their numbers increased in proportion to disease severity and positively correlated with 

parasite biomass, suggesting NETs had little or no protective effect in clinical disease and 

may contribute to malaria pathogenesis. The findings suggest inhibiting NET release may 

provide an avenue for novel adjunctive therapies to reduce disease pathogenicity, with 

possible ways increasingly being explored due to its pathological role in various other 

diseases (Brill et al. 2012; Caudrillier et al. 2012; Kessenbrock et al. 2009; Khandpur et 

al. 2013; Merza et al. 2015; Villanueva et al. 2011), now known to include malaria. Such 

therapeutic targets include the Rac signaling pathway (Gavillet et al. 2018) which 

regulates neutrophil integrity and production of reactive oxygen species, a key trigger for 

NETosis. Others include DNase I (Hakkim et al. 2010), doxycycline (Tamarozzi et al. 

2016), eculizumab (Zeerleder et al. 2013) and vitamin D (Handono et al. 2014). 

Interestingly, chloroquine can also inhibit NET formation in vitro (Smith et al. 2014) and 

in vivo (Boone et al. 2018; Boone et al. 2015), suggesting the mode of action of this widely 

used antimalarial drug may not be limited to blocking heme detoxification (Olafson et al. 

2015), and consistent with other anti-inflammatory effects of this drug (Plantone & 

Koudriavtseva 2018). How chloroquine inhibits NET-mediated malaria pathology is not 

known, but it is possible that inhibiting NET formation may have unknowingly been an 

additional target in falciparum malaria treatment in the 20th century, before widespread 

drug-resistance rendered this drug ineffective. Nevertheless, determining the best 

molecular candidates for therapeutic targeting requires a greater understanding of 

NETosis triggers, structural constituents and disease-specific functional decorations.  
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In chapters 4-6, a potential dual role of the spleen in human malaria was examined 

following recent studies suggesting the presence of splenic parasite reservoirs. To tackle 

this challenging study, the risk of malaria was first examined in individuals without a 

spleen. Chapter 4 suggested a protective role of the spleen against P. vivax as well as its 

well-established protectively role against P. falciparum. Analysis of hospital records 

between 2004-2013 in malaria-endemic Papua found that splenectomised individuals 

have a 5-fold higher risk of presenting to hospital with malaria in the 12 months following 

their surgery compared to spleen intact individuals, the risk being much greater for P. 

vivax than P. falciparum. In addition to improving patient care in the region, the study 

findings led to the implementation of a post-splenectomy malaria radical treatment 

regimen to prevent early malaria attacks, which were particularly frequent in the early 

post-operative period. Plausible hypotheses that may explain the increased risk of malaria 

after splenectomy include triggering of relapse, loss of splenic innate and adaptive 

immunity and transfusion malaria, all potentially exacerbated by a shift of immature 

reticulocyte pools, and consequently schizogony and invasion-reinvasion cycles, from the 

spleen into peripheral blood following splenectomy, the latter being particularly relevant 

for P. vivax.  

In chapter 5, spleens from 22 patients undergoing splenectomy in Papua were examined 

for Plasmodium infection to determine whether a subclinical hidden non-phagocytosed 

parasite biomass was present in the human spleen. All but one patient had asymptomatic 

Plasmodium infection (13 P. falciparum, 7 P. vivax, 1 mixed infection) with non-

phagocytosed parasitaemias and parasite loads greater in the spleen than in peripheral 

blood for both species, and with spleen-to-peripheral blood parasite ratios higher in P. 

vivax compared to P. falciparum infection. While large proportions of parasite biomass 

were concurrently being phagocytosed for both species, the findings suggest non-

phagocytosed asexual and sexual stage parasites accumulate in the human spleen and 

may form a reservoir for transmission and biomass-related pathogenesis, particularly in 

P. vivax infection. Like P. falciparum, peripheral parasitaemia underestimates the total 
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parasite biomass in P. vivax infections, indicating the need to revise modelling of parasite 

biomass and the ratios of infected and non-infected RBCs lost in malarial anaemia for 

both species. Interestingly, P. falciparum-infected spleens were larger in size, and 

splenomegaly in both species was associated with red pulp expansion and congestion 

with red cells, mostly uninfected red cells. This may have resulted from greater splenic 

stringency in P. falciparum infection and/or the reduced deformability of infected and 

uninfected red cells that is associated with P. falciparum infection, and is likely a 

contributor to malarial anaemia. The greater number of spleens infected with P. 

falciparum in our cohort requiring splenectomy likely reflects the larger size and greater 

congestion associated with asymptomatic infection with this species, with both likely 

increasing the risk of rupture following trauma. Many of the findings in chapter 5 require 

further validation experiments. Planned studies include, a) the confirmation of tissue 

parasite microscopy using species and stage-specific antibodies, b) optimisation of the 

qRT-PCR assay to allow accurate parasite quantitation in human spleen samples which 

may include the use of stage-specific primers, c) measuring plasma IgM and anti-

Plasmodium antibody levels for hyperreactive malarial splenomegaly (HMS) diagnosis, 

particularly in the two largest spleens, which would allow further evaluation to better 

understand the pathophysiology of this syndrome, and d) quantitation of specific white 

cells in the different spleen compartments using immunohistochemistry to determine if 

redistribution out of the white pulp and/or loss of these cells in the spleen occurs in 

asymptomatic parasitaemia. 

Several other sample types from these splenectomy patients are available and will permit 

further research to be conducted based on current and future hypothesis-generating 

results. Such work may include the use of molecular samples for microsatellite typing to 

determine if the spleen is a reservoir for multiple parasite strains, and/or to expand on the 

possible presence of dormant parasite forms through transcriptomic approaches. Spleen 

tissue, which was stored in multiple ways including as paraffinized blocks, frozen in OCT 

media, and as splenic mononuclear cells (SMCs), could also be used to examine a variety 
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of other research questions. For example, cytotoxic CD8+ T cells were recently discovered 

to recognise and kill P. vivax-infected reticulocytes in ex vivo cultures (Junqueira et al. 

2018). Whether these cells colocalise with P. vivax in the human spleen may inform the 

extent to which this organ sustains viable reservoirs and would also highlight the impact 

cytotoxic CD8+ T cells have on P. vivax burden. In the spleens of P. berghei-infected mice, 

recently described as a niche for parasite proliferation (Lee, Waters & Brewer 2018), 

malaria-specific CD8+ T cells are activated and move to the red pulp but later become 

exhausted and undergo apoptosis in this compartment (Bayarsaikhan et al. 2017). It is 

possible that colocalization of cytotoxic CD8+ T cells with P. vivax may occur in the human 

spleen but with questionable plasmodicidal activity, which could be further addressed 

using SMC samples by phenotyping for functional markers and/or performing cytotoxicity 

assays. A second example would be to determine if P. vivax parasites colocalise with 

platelets in this organ and contain PF4, which would inform if PF4-mediated parasite 

killing also occurs in the spleen. In addition, it is not known whether platelet-cell 

complexes, which were at lower numbers in the bloodstream of malaria patients, are more 

rigid and are consequently retained and cleared in the spleen during malaria. Clearance 

of platelet-cell complexes may contribute to malarial anaemia and thrombocytopenia. 

Advances in flow cytometry have led to more frequent human studies being conducted in 

malaria immunology, but most are limited to evaluating immune cells in peripheral blood. 

Those studying cells in the tissues in asymptomatic or moderately-diseased infection are 

restricted to using animal models due to the difficulties with obtaining human tissue 

samples from non-fatal cases. Research in mice has indicated that immune cell 

populations in the spleen are important for shaping immune responses to malaria (Grun, 

Long & Weidanz 1985; Kumar et al. 1989; Leisewitz et al. 2004; Muxel et al. 2011; Weiss 

1989), however, human spleen studies to support this are lacking. Here, there is a unique 

opportunity to characterise different types of immune cells using spleen tissue sections 

and cryopreserved SMC samples from individuals with asymptomatic infection, and 

compare to the cell function and phenotypes found in peripheral blood collected both 
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before and several months after splenectomy. Such immune cells that seem to play 

important modulatory or effector roles in the acquisition and maintenance of protective 

immune responses and would be of interest to evaluate in human malarial spleen samples 

include dendritic cells (Kho et al. 2016; Kho et al. 2015; Loughland et al. 2018), regulatory 

T cells (Boyle et al. 2015a; Frimpong et al. 2018; Kurup et al. 2017; Torcia et al. 2008; 

Wammes et al. 2013), and particularly T follicular helper cells, with recent data suggesting 

this population is a central modulator of protective B-cell responses (Figueiredo et al. 

2017; Furtado, Lauvau & Daily 2017; Pérez-Mazliah et al. 2017; Ryg-Cornejo et al. 2016), 

and hence, may improve vaccine strategies (Hansen et al. 2017) with careful regimen 

optimisation (Bowyer et al. 2018). Another type of spleen cell described in the late 1980’s, 

termed barrier cells, has the ability to structurally alter splenic function and may control 

the course of malaria in mice (Alves, Weidanz & Weiss 1996; Martin-Jaular et al. 2011; 

Weiss 1989; Weiss, Geduldig & Weidanz 1986). While it is clear that murine spleens have 

structural and functional differences to their human counterparts (Steiniger 2015), the 

presence and relevance of barrier cells in human malaria has not been examined. Hence, 

further exploration of this large library of samples has potential to be a unique and rare 

dataset to study malaria and spleen biology in humans. In addition, collection of spleens 

will recommence in 2019 to increase sample size, particularly for P. vivax and HMS. 

In chapter 6, the maturity of human reticulocyte populations was characterised in the 

spleen and in pre- and post-splenectomy peripheral blood. While it has been widely 

accepted from animal studies that reticulocytes, especially those that are immature, 

accumulate in the spleen, no studies have directly investigated this in humans. Findings 

presented in chapter 6 suggest that human reticulocytes released from the bone marrow, 

particularly those that are immature, are retained in the spleen and undergo maturation 

before recirculating in peripheral blood. Highly immature reticulocytes were more 

concentrated in the spleen and, being invasion targets for merozoites, provide a receptive 

population to support the presence of subclinical Plasmodium reservoirs in this organ, 

particularly for the immature reticulocyte-dependent species P. vivax. After splenectomy, 
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immature reticulocyte populations shifted from the spleen to peripheral blood, consistent 

with the lack of a compartment for biomechanical trapping, and may contribute to a 

greater P. vivax parasitaemia and potentially vivax malaria following splenectomy. While 

preferential invasion of splenic reticulocytes over peripheral or bone marrow reticulocytes 

has been shown in murine malaria using a GFP-expressing parasite strain (Lee, Waters 

& Brewer 2018), reticulocyte invasion in the splenic parenchyma has not been directly 

shown to occur in humans. Ex vivo invasion assays (Cho et al. 2016; Russell et al. 2011) 

may be one way to explore this using the cryopreserved enriched and non-enriched 

reticulocyte samples that are available in this cohort. By comparing P. vivax invasion rates 

between peripheral and splenic reticulocytes that are exposed to culture environments 

mimicking their respective physiological flow conditions, preferential invasion sites may 

be elucidated. A second follow up blood sample from splenectomised patients in the 

existing Indonesian cohort may also be useful to evaluate current questions, including if 

total circulating reticulocyte levels increase in the long term and if immature reticulocyte 

levels remain high long-term post-splenectomy, as well as future hypotheses that may 

arise.  

In summary, this thesis has investigated the roles of a number of innate lines of defence; 

platelets, neutrophils and the spleen in protection, pathogenesis and biology of human 

malaria, and in multiple Plasmodium species. In malaria patients, platelets are parasite 

killers and help control parasitaemia, while neutrophils are activated and release 

extracellular traps which may contribute to severe disease. Pathogenic/protective 

mechanisms elicited by both types of cells have potential to be therapeutic targets or drug 

candidates for malaria treatment. Splenectomy results in increased risk of malaria from 

both species in vivax-falciparum co-endemic areas. In asymptomatic infection, the spleen 

is a subclinical reservoir for asexual and sexual stages of P. vivax and P. falciparum, as 

well as a site for reticulocyte maturation, which taken together may contribute to the 

biomass-related pathogenesis and transmission of malaria. Platelet anti-parasitic activity, 

post-splenectomy malaria risks, and splenic parasite biomass were greatest in P. vivax. 
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Novel findings in this thesis have improved our understanding of Plasmodium biology in 

the human host and may inform malaria treatment and elimination strategies. 
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