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Abstract  

Malaria is a tropical infectious disease of global health importance which is caused 

by protozoan parasites of the genus Plasmodium. Most fatal malaria cases occur 

in children under five years old in sub-Saharan Africa where the dominant parasite 

species is Plasmodium falciparum. Recent studies have demonstrated that the 

haematopoietic spaces of the bone marrow (BM) represent an important hidden 

parasite reservoir of asexual and sexual stages, largely independent of classical 

vascular sequestration. Moreover, the spleen may represent a secondary 

haematopoietic organ with similar functions in extravascular parasite 

sequestration. The existence of hidden reservoirs has important implications for 

malaria eradication efforts as parasite reservoirs in these tissues may contribute 

to recrudescent infections, ongoing transmission, and the emergence of 

antimalarial resistance. 

 

The aim of this thesis was to systematically investigate parasite sequestration in 

the BM and spleen in paediatric severe P. falciparum malaria cases, and the 

transcriptional pathways driving the switch from asexual to sexual stage 

development that may occur within these tissues. Specifically, this thesis aimed 

to determine whether the spleen harboured a significant parasite biomass 

compared to other tissues, to investigate the existence of an endosplenic life 

cycle, to determine the contribution of the spleen towards gametocyte formation 

and development in relation to the BM, and to deconvolute the transcriptional 

signatures of sexual commitment in two parasite strains with different sensitivities 

to environmental induction.  

 

To evaluate the splenic reservoir, parasite distribution, density, and biomass were 

compared between the spleen, BM, lung, and peripheral circulation. Within the 

spleen, an enrichment of rings/early trophozoites was observed across all splenic 

compartments. While there were significantly higher parasite densities in the 

spleen compared to other tissues and peripheral circulation, there was no 

significant difference in the total parasite biomass between tissues. Furthermore, 

the parasite density in the spleen could be explained by the retention of 

peripherally circulating rings at a rate of 9.52%. Together, this suggests that in 

paediatric severe P. falciparum malaria, there is not a substantial hidden biomass 



 

 

3 
of parasites in the spleen that is supported by an endosplenic life cycle. This 

contrasts with previous observations in chronic asymptomatic malaria in adults.  

 

The spleen and BM were investigated for their contribution towards gametocyte 

formation and development. In the spleen, very few gametocytes and sexually 

committed schizonts were identified. In contrast, 13% of parasites identified in 

the BM were gametocytes, with 9% identified as sexually committed schizonts. 

This demonstrates the role of the BM in gametocyte formation and development.  

 

To investigate the transcriptional signatures of asexual and sexually committed 

schizont populations which may exist in the BM, an in vitro single cell RNA 

sequencing (scRNAseq) experiment was performed. Sexual commitment was 

induced by growing parasites in medium depleted of the serum phospholipid 

lysophosphatidylcholine (LysoPC). Two parasite strains were used, Pf2004 and 

Dd2, with different sensitivities to LysoPC. In LysoPC depleted conditions, two 

transcriptionally distinct schizont populations were identified: i) an asexual 

population, which exhibited upregulation of cytoadherence associated genes and 

genes associated with purine metabolism, and ii) a sexually committed 

population, which exhibited upregulation of genes associated with sexual 

commitment and gene regulation. These two populations shared a metabolic 

signature in response to nutrient depletion. A final schizont population in steady 

state conditions exhibited higher expression of nutrient channel components and 

invasion related genes. In both asexual populations, a non-coding RNA (ncRNA), 

PF3D7_1370800, was identified. The expression patterns of PF3D7_1370800 in 

relation to sexual commitment markers, and the association of this ncRNA with 

asexual populations, suggests that this ncRNA may function in repressing sexual 

commitment; however, this remains unknown.  

 

Overall, this thesis has revealed that the magnitude of the splenic parasite 

reservoir varies with disease severity. It has provided histological evidence of 

sexual commitment in the BM, suggesting that an endogenous asexual replication 

cycle in the BM contributes to gametocyte enrichment and development. In 

parallel, it has provided insight into the transcriptional signatures of sexually 

committed and asexual schizonts which are hypothesised to exist within the BM.   
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Abbreviations 
All gene names are abbreviated according to their annotation in PlasmoDB release 

66.  

 
ACT Artemisinin combination therapy 
Adm Admission 
ApiAP2 Apicomplexan apetala-2 
ARDS Acute respiratory distress syndrome 
asRNA Antisense RNA 
BCIP/NBT 5-bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazolium 

BLAST Basic local alignment search tool 
BSA Bovine serum albumin 
BV Blood volume 
CA Central artery 
CCT CTP:phosphocholine cytidylytransferase 
cDNA Complement DNA 
CDP-Cho cytidine-diphosphocholine 
CEPT choline/ethanolamine phosphotransferase 
ChIP Chromatin immunoprecipitation 
CI Confidence interval 
CK Choline kinase 
CM Cerebral malaria 
COC Cause of coma 
Contrib Contribution 

CSA Chondroitin sulphate A 
DAB 3, 3-diaminobenzidine 

DAG diacylglycerol 
Decal Decalcified 

DGE Differential gene expression 
DGE Differential gene expression 
DNA Deoxyribonucleic acid 
DPX Dibutylphthalate polystyrene xylene 
EDTA Ethylene-diamine-tetraacetic acid 
EK ethanolamine kinase 
EPCR Endothelial cell protein C receptor 
FC Fold change 
FFPE Formalin-fixed, paraffin embedded 
GC Germinal centre 
GEM Gel bead in emulsion 
H&E Haemotoxylin and eosin 
HPF High powered fields 
Hpi Hours post invasion 
ICAM-1 Intracellular adhesion molecule 1 
IHC Immunohistochemistry 
IQR Interquartile range 
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iRBC Infected red blood cell 
LF Lymphoid follicle 
lncRNA Long non-coding RNA 
LV Large vessels 
LysoPC Lysophosphatidylcholine 
M:E Myeloid to erythroid 
ManZ Mantle zone 
MarZ Marginal zone 
mFA Minimal fatty acid 
NA Not assigned 

NBF Neutral buffered formalin 
ncRNA Non-coding RNA 
NCS Non-circulatory spaces 
NGS Next generation sequencing 
NMC Non-malarial control 

NS Not significant 
P-Cho phosphocholine 
P-Eth phophoethanolamine 
P% Parasitaemia 
PALS Periarteriolar lymphoid sheath 
PAS Periodic acid Schiff 
PBS Phosphate buffered saline 
PC phosphatidylcholine 
PCA Principal component analysis 
PCV Packed cell volume 
PE phosphatidylethanolamine 
PECAM Platelet endothelial cell adhesion molecule 
PfEMP1 Plasmodium falciparum Erythrocyte Membrane Protein 1 
PfHRPII Plasmodium falciparum histidine rich protein II 

PFZ Perifollicular zone 
pLDH Plasmodium lactate dehydrogenase 
PM Post-mortem 
PMI Post-mortem interval 
PMR Parasite multiplication rate 
PMT phophoethanolamine methyltransferase 
PSAC Plasmodial surface anion channel 
PV Parasitophorous vacuole 
QC Quality control 

Qn Quinine dihydrochloride 
RBC Red blood cell 
RNA Ribonucleic acid 
RP Red pulp 
RPMI Roswell Park Memorial Institute 
SAH S-adenosyl-l-homocysteine 
SAHH S-adenosyl-l-homocysteine hydrolase 
SAM s-adenosylmethionine 
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scRNAseq Single cell RNA sequencing 
SL Sinus lumen 
SMA Severe malarial anaemia 
SNP Single nucleotide polymorphisms 
SV Small vessels 
TBST Tris buffered saline 0.05% tween 
UMAP Uniform manifold approximation and projection 
UMI Unique molecular identifier 
uRBC Uninfected red blood cell 
WHO World health organisation 
WP White pulp 
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1.1 Introduction to Malaria 

Malaria is an ancient disease, with the earliest documented reference believed to 

originate from a Chinese document dating back to around 2700 BC (Cox, 2010). 

However, the spread of disease to the Americas was relatively recent coinciding 

with the slave trade (Rodrigues et al., 2018). Shortly after the development of the 

germ theory of disease by Louis Pasteur and Robert Koch in the 1870s, Alphonse 

Laveran demonstrated that the causative agent of malaria was the protozoan 

parasite, Plasmodium. In 1897, Ronald Ross and Battista Grassi determined that 

malaria was a vector borne disease with the identification of parasites stages in 

the midgut of Anopheles mosquitoes (Cox, 2010).  

 

1.1.1 Global Burden and Epidemiology 

Malaria remains a major global health threat, with an estimated 249 million cases 

and 608,000 deaths in 2022. Over 90% of all malaria cases and deaths occur in sub-

Saharan Africa with children under 5 years old, pregnant women, travellers, and 

patients with HIV/AIDS at the highest risk of severe malaria. In this region, 

children under 5 years old accounted for 80% of all malaria deaths (WHO, 2023b).  

 

Five species of Plasmodium are known to infect humans. The species associated 

with the most fatalities is Plasmodium falciparum which is the predominant 

Plasmodium species in sub-Saharan Africa. P. vivax, initially regarded as only 

causing benign disease, is the most geographically widespread species. Over the 

past decade, there has been a rise in reports of severe P. vivax malaria (Phyo et 

al., 2022). P. ovale (P. ovale curtisi and P. ovale wallikeri) and P. malariae rarely 

cause severe disease. P. knowlesi is a zoonotic species which primarily infects long 

tailed and pig tailed macaques. However, increasing reports of human infections 

have been described throughout Southeast Asia (Singh et al., 2004, Cox-Singh and 

Singh, 2008, Singh and Daneshvar, 2013). This thesis will focus on P. falciparum. 

 

1.1.2 Plasmodium Life Cycle 

Plasmodium spp. have a complex yet conserved life cycle which encompasses both 

a vertebrate host and mosquito vector (Figure 1-1). A Plasmodium infection is 

established when an infected mosquito injects sporozoites into the skin of a 

vertebrate host during a blood meal (Figure 1-1A). A proportion of these highly 
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motile sporozoites enter blood capillaries and travel to the liver where they 

traverse several hepatocytes before actively invading a hepatocyte forming a 

parasitophorous vacuole (PV) within which they asexually replicate (Mota et al., 

2001, Amino et al., 2006, Tavares et al., 2013, Loubens et al., 2021). This asexual 

replication results in the production of up to 100,000 merozoites which are 

released into the liver sinusoids by budding from the host hepatocytes in 

membrane bound vesicles termed merosomes (Figure 1-1B) (Sturm et al., 2006, 

Vaughan et al., 2012). Within the blood, free merozoites invade red blood cells 

(RBCs) to establish an intraerythrocytic cycle of asexual replication. Parasites 

undergo three morphologically distinct developmental stages within RBCs: ring, 

trophozoite and schizont. The duration of the intraerythrocytic asexual replication 

cycle varies between species and strains ranging from 24 to 72 hours. P. 

falciparum exhibits an asexual replication cycle of ca. 48 hours. After this asexual 

replication cycle, up to 32 daughter merozoites (varies depending on species) are 

produced which are released following schizont rupture for further RBC invasion 

(Figure 1-1C). It is during this stage of the life cycle where patients become 

symptomatic. During this intraerythrocytic developmental cycle, a subset of 

parasites will undergo sexual commitment to produce the transmissible 

gametocytes. Gametocytes (male and female) progress through 

gametocytogenesis from stages I-V over 8-10 days. It is only the mature stage V 

gametocytes, circulating at low densities in the blood, that are transmissible to 

the mosquito vector (Figure 1-1C). Gametocytes are transmitted to the mosquito 

vector during a blood meal where they enter the mosquito midgut and egress from 

the RBC to form either eight microgametes (male) or one macrogamete (female) 

(Sologub et al., 2011). Microgametes and macrogametes fuse to produce a zygote 

which undergoes meiosis to produce an ookinete. These ookinetes traverse the 

midgut wall to form an oocyst. Asexual replication occurs within the oocyst 

producing thousands of sporozoites which, upon rupture, migrate through the 

haemolymph to the salivary glands (Figure 1-1D). From here, the cycle is initiated 

again through the transfer of these sporozoites to a vertebrate host following 

bloodmeal.  
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Figure 1-1. The life cycle of P. falciparum. (A) The life cycle is initiated when an infected female 
Anopheles mosquito injects sporozoites into the skin during a bloodmeal. (B) Sporozoites migrate 
to the liver where they invade hepatocytes. Here, parasites asexually replicate forming liver 
schizonts which bud from the infected hepatocyte releasing merosomes, and therefore merozoites, 
into the peripheral circulation for invasion of RBCs. (C) Within RBCs, parasites establish an asexual 
replication cycle undergoing three main stages: ring, trophozoite and schizont. After ca. 48 hours, 
schizonts rupture releasing merozoites for further invasion. A subset of asexual parasites will 
undergo sexual commitment resulting in the production of female or male gametocytes in the 
subsequent cycle. (D) During a bloodmeal, the mosquito vector will ingest gametocytes which will 
develop into macrogametes (female) or microgametes (male) in the midgut. These will fertilise to 
form a zygote which undergoes meiosis forming an ookinete. This ookinete penetrates through the 
midgut wall into the haemolymph. Within the haemolymph, ookinetes develop into oocysts where 
asexual sporogony produces sporozoites; these sporozoites migrate to the salivary glands upon 
rupture. The cycle continues when an infected mosquito takes another blood meal injecting 
sporozoites into the skin. Figure from Venugopal et al., 2020 (Venugopal et al., 2020).     
 

 

 

1.1.3  The Pathogenesis of Severe Malaria 

The clinical presentation of malaria is critically influenced by level of exposure 

and acquired protective immunity. P. falciparum malaria disease severity ranges 

from asymptomatic to uncomplicated to severe malaria, with the severity of 

disease being multifactorial. Asymptomatic malaria is prevalent in adults in 

malaria endemic countries through years of exposure and acquired immunity. 

These low density, asymptomatic infections likely contribute to ongoing 

transmission (Gupta et al., 1999, Langhorne et al., 2008, Weiss et al., 2010, 
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Laishram et al., 2012, Gonzales et al., 2020). Symptoms of uncomplicated malaria 

typically present 10-15 days after an infectious bite. These symptoms are non-

specific, classically presenting as cyclical fever, chills, and headache, however, 

vomiting, diarrhoea, fatigue, and anaemia are common. Without treatment, 

uncomplicated malaria can rapidly progress to severe malaria. Severe malaria can 

present in one or more clinical manifestations which include a neurological 

syndrome with unrousable coma (cerebral malaria (CM)), severe malarial anaemia 

(SMA) and respiratory distress in relation to metabolic acidosis (WHO, 2024). 

Severe malaria in non-immune patients (e.g., young children in malaria endemic 

countries) is associated with the production of pro-inflammatory cytokines and 

chemokines, leading to systemic inflammation (Farrington et al., 2017).  With re-

exposure, pro-inflammatory mediators are downregulated coinciding with less 

severe disease (Portugal et al., 2014).  

 

In children, CM and SMA are the most frequent complications attributed to 

Plasmodium infection. CM is associated with the highest mortality rates, with case 

fatality rates, even with treatment, between 15% to 30% (Haldar et al., 2007). 

Clinical CM is defined as unrousable coma (Blantyre Coma Scale score ≤ 2 or 

Glasgow Coma Scale score ≤ 10), with no improvement following correction of 

hypoglycaemia, peripheral parasitaemia, and no other obvious cause of coma 

(Taylor et al., 2004). The Blantyre Coma Scale was adapted from the Glasgow 

Coma Scale (adults) to assess malarial coma in preverbal children. A characteristic 

feature of CM is the accumulation of sequestered parasites in the vasculature of 

the brain (classical vascular sequestration is reviewed in Section 1.2.1). It was 

previously assumed that parasite sequestration, and the associated cerebral 

histopathological changes, was the cause of death in CM cases. Between 1996 and 

2010, a large severe malaria post-mortem study was conducted in Blantyre, 

Malawi. In this Malawi cohort, a strong positive correlation was identified between 

the level of sequestered parasites, and the histopathological changes in the brain 

(Taylor et al., 2004). However, Taylor et al. revealed that not all patients with 

clinical CM exhibited histopathological changes with a subset of patients exhibiting 

a “sequestration only” pattern (Taylor et al., 2004, Milner et al., 2014). In a 

pioneering study of 168 paediatric fatal and non-fatal CM cases in Malawi, 

magnetic resonance imaging was used to reveal that fatal cases of CM exhibited 

increased brain volume, whereas non-fatal cases either exhibited no brain 
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swelling, or brain swelling that resolved. These results suggested that the cause 

of death in CM cases, was not due to histopathological changes caused by parasite 

sequestration, but by increased intracranial pressure (Seydel et al., 2015).   

 

Malaria associated anaemia is common in chronic and acute malaria across age 

groups. In areas of high transmission, SMA (haemoglobin < 50 g/L; packed cell 

volume (PCV) < 15%) is the main clinical manifestation in children below two years 

old (White, 2018). The pathogenesis of SMA is complex involving multiple 

contributing factors. Direct parasite factors include the inherent rupture of host 

RBCs to release merozoites for further invasion and the binding of infected RBCs 

(iRBCs) and uninfected RBCs (uRBCs) to vascular endothelial cells which removes 

RBCs from circulation. Similarly, malaria induces reduced RBC deformability in 

both iRBCs and uRBCs, predisposing them to splenic clearance. Immune factors 

that contribute to the development of SMA include immune mediated haemolysis 

and infection induced eryptosis. Additionally, there is decreased RBC production 

attributed to iron depletion and dyserythropoiesis in the bone marrow (BM) 

(White, 2018, Moxon et al., 2020, Scovino et al., 2022). 

 

The pathogenesis of malaria varies depending on age and host immunity (Figure 

1-2). In high transmission settings, protective immunity increases with age 

explaining the higher frequency of asymptomatic infections observed in adults 

(Lindblade et al., 2013). Severe malaria in adults occurs in non-immune patients 

and presents differently to severe malaria in children (Moxon et al., 2020). The 

frequent complication of SMA in children below two years old may relate to the 

function of the spleen in parasite clearance. Buffet et al. proposed that the high 

prevalence of SMA in young children was related to highly active splenic clearance 

of ring-iRBCs and uRBCs. As such, this clearance prevents trophozoite/schizont-

iRBC sequestration in the tissues, thereby preventing severe complications such 

as CM. However, this enhanced iRBC and uRBC clearance results in severe anaemia 

(Buffet et al., 2011). Children aged two to sixteen years old are more susceptible 

to CM. An explanation for this shift in frequency of SMA and CM with age, is that 

the clearance activity of the spleen alters with age and host immunity. Less active 

parasite clearance in the spleen of children older than two years old is protective 

against anaemia but increases the risk of CM (Figure 1-2) (Buffet et al., 2011, 

Moxon et al., 2020). Other organ associated complications of malaria such as renal 
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failure, pulmonary oedema, and acute respiratory distress syndrome (ARDS) is less 

common in severe malaria in children (Figure 1-2) (Moxon et al., 2020).    

 

 

 

Figure 1-2. Severe malaria organ involvement with age. In children less than two years old in 
high transmission settings, severe malarial anaemia (SMA) is a common complication which is 
attributed, at least in part, to high splenic clearance of RBCs. With age, reduced splenic clearance 
may protect against SMA, however, this increases susceptibility to cerebral malaria (CM). In adults, 
severe malaria involves multiple organ syndromes. The dogma on severe malaria in adults is 
evolving with evidence of brain involvement, similar to that of CM, in adults with non-cerebral 
severe malaria (Mohanty et al., 2022). Venn diagrams represent the approximate relative 
frequency and degree of interactions between different clinical syndromes. Abbreviations: CM, 
cerebral malaria; SMA, severe malarial anaemia; ARDS, acute respiratory distress syndrome. Figure 
adapted from Moxon et al., 2020. 
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1.1.4 Malaria Elimination  

The Global Technical Strategy for malaria 2016-2030 presents a comprehensive 

framework aimed to accelerate the progress towards malaria elimination. Here, 

the overall target is to reduce the global burden of malaria by 90% by 2030, 

interrupt transmission, and prevent the re-establishment of malaria in all malaria 

free countries (WHO, 2021). Between 2015 and 2019, global malaria deaths 

declined from 864,000 to 576,000 in 2019. However, in 2020, with the impact of 

the SARS-CoV-2 pandemic on fragile health care systems, the number of deaths 

increased by 10% to 631,000. While malaria cases continue to rise, the global 

number of deaths has decreased in 2022 (WHO, 2023b). However, despite these 

recent improvements in case management, there are multiple biological 

challenges that threaten the achievement of the Global Technical Strategy 

targets. One such challenge is the emergence and spread of antimalarial 

resistance.  

 

The current first line treatment for uncomplicated malaria is artemisinin 

combination therapy (ACT) which combines the fast-acting artemisinin derivative 

with a longer acting partner drug. For treatment of severe malaria, the 

recommended treatment is intravenous or intramuscular artesunate for at least 

24 hours until patients can tolerate oral ACT (WHO, 2023a). Artemisinin offers 

superior activity against all parasite stages compared to the previous gold 

standard treatment, quinine, which is only effective on sequestered parasites (ter 

Kuile et al., 1993, Dondorp et al., 2010, Saidi et al., 2023). Consequently, the 

World Health Organisation (WHO) recommended the use of artemisinin and 

derivatives over quinine. This transition to ACTs was adopted by global health 

boards, including the Blantyre Malaria Project at the Queen Elizabeth Central 

Hospital, Blantyre, Malawi, in 2014 (Saidi et al., 2021). Despite the relatively 

recent implementation of artemisinin as the frontline therapy in sub-Saharan 

Africa, resistance has emerged.  

 

In 2008, the first reports of partial artemisinin resistance were described in P. 

falciparum in the Greater Mekong subregion of Cambodia (Noedl et al., 2008, 

Dondorp et al., 2009). Here, partial resistance refers to delayed clearance of 

parasites following treatment from ACT. More recently, partial resistance has 

emerged independently in Rwanda, Uganda and the Horn of Africa (Rosenthal et 
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al., 2024). There is therefore an urgent need to identify novel drug and/or vaccine 

targets. In line with the Global Technical Strategy goal to interrupt transmission, 

novel transmission blocking targets need to be identified. It is therefore 

imperative to understand gametocyte formation and development, and the tissue 

reservoirs which may contribute to cryptic infections and ongoing transmission.  

 

1.2 Hidden Parasite Reservoirs 

One of the challenges faced with malaria elimination is the establishment of 

cryptic or hidden infections. In P. falciparum, parasites modify the host cell 

architecture to allow sequestration of late stages (trophozoites and schizonts) in 

the capillary beds of deep tissues such as the brain. As a result, diagnosis by blood 

smear and light microscopy underestimates total parasite biomass as only 

peripherally circulating rings can be quantified (Dondorp et al., 2005, Hendriksen 

et al., 2012, Watson et al., 2022). There is growing evidence to suggest that the 

haematopoietic niches of the host, such as the BM and spleen, serve as significant 

parasite reservoirs, largely independent of classical vascular sequestration.  

 

1.2.1 Classical Vascular Sequestration 

To avoid immune clearance, P. falciparum substantially remodels the architecture 

of the host RBC. During the intraerythrocytic cycle, parasites export proteins 

which alter the RBC architecture, topology, and membrane deformability (Nash et 

al., 1989, Glenister et al., 2002, Maier et al., 2009). Under normal circumstances, 

this lack of deformability would result in clearance from the spleen; however, P. 

falciparum avoids immune clearance through the export of the variant surface 

antigen P. falciparum erythrocyte membrane protein 1 (PfEMP1) which facilitates 

cytoadherence to the vasculature of deep tissues (Leech et al., 1984). These 

proteins can bind to a range of receptors on the vasculature such as CD36, 

intracellular adhesion molecule 1 (ICAM-1), platelet endothelial cell adhesion 

molecule (CD31/PECAM), endothelial cell protein C receptor (EPCR), and 

chondroitin sulphate A (CSA) (Figure 1-3) (Barnwell et al., 1989, Hsieh et al., 

2016, Berendt et al., 1989, Smith et al., 2000, Treutiger et al., 1997, Turner et 

al., 2013, Rogerson et al., 1995, Robert et al., 1995). PfEMP1 is encoded by 

approximately 60 var genes and exhibits monoallelic expression (Su et al., 1995, 

Baruch et al., 1995, Smith et al., 1995). As before described in the context of CM, 
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vascular sequestration results in significant adhesion-mediated pathogenesis, 

largely attributed to vascular occlusion and inflammation, which is exacerbated 

by rosetting (the binding of uRBCs to iRBCs) (Lee et al., 2022).  

 

Specific PfEMP1 variants are associated with specific disease manifestations. For 

example, in pregnancy associated malaria, iRBCs exhibit a tissue specific binding 

phenotype whereby parasites bind to CSA on placental syncytiotrophoblasts. Here, 

a specific PfEMP1 variant, VAR2CSA, was identified to mediate this binding 

interaction. As a consequence of parasite accumulation in the placenta, there are 

substantial immunological changes in the placenta which can lead to 

complications such as anaemia, hypertension, low birth weights and stillbirths 

(Salanti et al., 2003, Gamain et al., 2021). Therefore, specific binding interactions 

can facilitate organ specific sequestration and pathology.  

 

 

 

Figure 1-3. Classical vascular sequestration. P. falciparum trophozoites and schizonts sequester 
in the capillaries and post capillary venules of deep tissues such as the brain, lung, spleen, and 
bone marrow (BM). This sequestration is mediated through binding interactions between the 
parasite exported protein, P. falciparum erythrocyte membrane protein 1 (PfEMP1) and 
endothelial cell receptors such as CD36, ICAM1, PECAM1 and EPCR. Specific variants of PfEMP1 are 
associated with tissue specific sequestration; for example, the PfEMP1 variant VAR2CSA binds to 
chondroitin sulphate A (CSA) in the placenta resulting in pregnancy associated malaria. Rosetting 
can occur in capillaries where uninfected RBCs (uRBCs) bind to infected RBCs (iRBC). Vascular 
sequestration and rosetting can cause capillary occlusion and inflammation. Abbreviations: ICAM-
1, intracellular adhesion molecule-1; PECAM; platelet endothelial cell adhesion molecule; EPCR, 
endothelial cell protein C receptor. Figure from Venugopal et al., 2020 (Venugopal et al., 2020).    
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In order to display PfEMP1 above host cell receptors, Plasmodium modifies the 

RBC membrane cytoskeleton through protein export to form electron-dense 

protrusions called knobs. Shortly after invasion, ring stage P. falciparum release 

the ring erythrocyte surface antigen (RESA) which binds to spectrin, the main 

component of the host RBC cytoskeleton, functioning to stabilise the cytoskeleton 

(Culvenor et al., 1991, Foley et al., 1991, Pei et al., 2007). After 16 hours post 

invasion (hpi), knobs appear on the surface of the RBC with significant remodelling 

of the host cell cytoskeleton (Langreth et al., 1978, Gruenberg et al., 1983). The 

Plasmodium mature erythrocyte surface antigen (MESA) then replaces RESA 

binding to band 4.1, a host protein which contributes to the stabilisation of the 

spectrin-actin network. This binding interaction at the spectrin-actin network 

allows free spectrin to anchor knobs to the host cell cytoskeleton (Waller et al., 

2003). Underneath the host cell membrane of knobs, the essential knob associated 

histidine rich protein (KAHRP) self-assembles as individual protein modules into a 

conical shaped complex which supports the spiral scaffold of the knob protrusion 

(Taylor et al., 1987, Crabb et al., 1997, Rug et al., 2006, Looker et al., 2019). 

With the formation of the knob, between 16 and 20 hpi, PfEMP1 accumulates on 

the surface with the cytoplasmic tail (acidic terminal segment) anchored to the 

knob and the amino terminal domain exposed at the surface of the iRBC to engage 

in binding interactions (Figure 1-4) (Kriek et al., 2003, Maier et al., 2009, Warncke 

et al., 2016).   
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Figure 1-4. P. falciparum host cell remodelling. (A) Uninfected red blood cell (uRBC). The host 
cytoskeleton comprises spectrin heterodimers, capable of folding and unfolding in response to 
deformation stress, which are linked to form tetramers. Spectrin tails connect to short actin 
filaments. These junctions are stabilised by band 4.1R and other molecules. Multiple vertical 
interactions connect the cytoskeleton to the membrane such as interactions between glycophorin 
C, band 4.1R and p55 which forms a ternary complex. Another vertical interaction between the 
cytoskeleton and the RBC membrane involves band 3 and ankyrin. (B) Infected RBC (iRBC). During 
the intraerythrocytic developmental stages, P. falciparum exports numerous proteins to disrupt 
the host cell cytoskeleton forming knob protrusions which allow the variant surface antigen PfEMP1 
to be displayed above host cell receptors. In ring stages, RESA binds to spectrin to stabilise the 
membrane. KAHRP self-assembles beneath the host cell membrane to form ring structures. From 
16 hours post invasion (hpi), MESA binds to band 4.1 which allows spectrin to fold and interact with 
KAHRP. Mature RBCs are transcriptionally and translationally inactive and therefore the parasite 
requires its own trafficking machinery for protein export. Maurer’s clefts are intermediate parasite 
compartments for sorting and trafficking exported proteins. Several proteins are associated with 
protein trafficking and the Maurer’s clefts such as REX1, PfSBP1 and MAHRP1. Pf332 interacts with 
both the cytoplasmic side of the Maurer’s clefts and, in late stages of the parasite, with the host 
cell cytoskeleton. Abbreviations: RBC, red blood cell; RESA, ring-infected erythrocyte surface 
antigen; KAHRP, knob associated histidine rich protein; hpi, hours post invasion; MESA, mature 
erythrocyte surface antigen; REX1, ring exported protein 1; PfSBP1, P. falciparum skeleton binding 
protein 1; MAHRP, membrane associated histidine rich protein 1. Figure from Maier et al., 2009 
(Maier et al., 2009, Nilsson et al., 2012, Warncke et al., 2016). 
 

 

 

1.2.2 Cryptic Parasite Reservoirs 

In 1887, the physician WS Thayer described a case of relapsing malaria which was 

21 months following an initial attack. In 1900, Sir Patrick Manson used P. vivax 

infected Anopheles mosquitoes to infect his son, Patrick Thornburn Manson, and 

laboratory technician, George Warren, who were both successfully treated with 

quinine. However, after a 9-month latency period, his son experienced a relapse 

without any additional exposure to P. vivax (Manson, 1900, Manson, 1901, White, 

2011). Decades later, the dormant non-replicating liver stage of P. vivax was 

discovered, the hypnozoite (Krotoski, 1985). Hypnozoites represent cryptic stages 

in a tissue reservoir (the liver) which are difficult to detect and therefore have 

important implications for malaria eradication (Markus, 2017). While liver stage 

hypnozoites were considered as the only hidden reservoir of Plasmodium, recently 

the haematopoietic niches of the BM and spleen have been demonstrated to be 

important and poorly explored reservoirs of malaria parasites.  

 

1.2.3 The Bone Marrow (BM) Reservoir 

The presence of only mature stage V gametocytes in circulation implied that 

immature stages developed within the tissues, analogous to the sequestration of 

late asexual stages. Gametocytes were initially observed in post-mortem BM and 
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spleen tissue samples by Marchiafava and Bignami in 1894 (Marchiafava, 1894). 

Several case studies utilising post-mortem tissues, BM biopsies and BM aspirates 

have consistently demonstrated the presence of immature gametocytes and 

asexual stages in both the BM and spleen for P. falciparum and P. vivax malaria 

(Thomson and Robertson, 1935, Smalley et al., 1981, Wickramasinghe et al., 1987, 

Farfour et al., 2012, Baro et al., 2017). In 2014, two independent studies provided 

the first quantitative evidence for the enrichment of gametocytes in the BM using 

post-mortem tissues and BM aspirates in paediatric P. falciparum malaria (Joice 

et al., 2014, Aguilar et al., 2014). Gametocyte enrichment in the BM and spleen 

was also demonstrated in P. falciparum infection in humanised mice (Duffier et 

al., 2016). Similarly, quantitative evidence of gametocyte enrichment in the BM 

was found in P. vivax infections of splenectomised non-human primates (Obaldia 

et al., 2018). While the extravascular spaces of the BM exhibit a marked 

enrichment of gametocytes, sequestration of asexual parasites in these 

extravascular compartments have been observed independent of classical vascular 

sequestration (De Niz et al., 2018). In a study of gametocyte dynamics over time 

in P. berghei infected mice, intravital microscopy revealed the homing of early 

gametocyte stages to the BM and spleen. Parasite accumulation in these organs 

coincided with increased vascular leakage due to inflammation. The location of 

gametocyte formation remains unknown, raising questions about whether the 

distinct microenvironments of the haematopoietic niches might also contribute to 

gametocyte formation.   

 

1.2.4 The Splenic Reservoir 

The total parasite biomass is underestimated by measuring peripheral 

parasitaemia alone as only circulating stages can be quantified. To better estimate 

the total parasite biomass, including sequestered stages, biomarkers such as 

Plasmodium falciparum histidine rich protein II (PfHRPII) and Plasmodium lactate 

dehydrogenase (pLDH) can be measured in the plasma. While PfHRPII is the most 

widely used biomarker in rapid diagnostic tests (WHO, 2023b), its use for assessing 

biomass is limited due to the persistence of the glycoprotein in peripheral 

circulation following parasite clearance (Mayxay et al., 2001, Houzé et al., 2009). 

In contrast, pLDH does not persist in the blood and can be used to evaluate total 
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biomass for five human infective species (Iqbal et al., 2004, Brown et al., 2004, 

McCutchan et al., 2008).  

 

In a study of non-immune adults in Malaysia with severe or non-severe P. vivax 

infection, the relationship between disease severity, total parasite biomass, and 

endothelial activation was investigated (Barber et al., 2015). Using plasma pLDH 

to measure parasite biomass, it was found that the total parasite biomass was 

correlated with markers of inflammation (IL-6, IL-10) and disease severity. 

However, biomass was not correlated with endothelial activation. In contrast, 

peripheral parasitaemia was correlated with endothelial activation. This latter 

correlation could be explained by endothelial activation by circulating iRBCs 

through the peripheral microvasculature. The lack of correlation between 

endothelial activation and total parasite biomass suggests the existence of a 

hidden reservoir of parasites in tissue compartments with non-typical endothelium 

(Barber et al., 2015). The cords of the splenic red pulp (RP) are lined with sinuses 

containing a discontinuous endothelium with a poorly developed basal membrane. 

The endothelial cells of the sinuses, known as “stave cells”, are elongated and 

arranged longitudinally creating inter-endothelial slits which facilitate the 

filtration function of the spleen (Gifre-Renom et al., 2022). Barber et al. therefore 

hypothesised that the lack of correlation between endothelial activation and 

parasite biomass was due to an accumulation of parasites in the splenic cords 

(Barber et al., 2015).  
 

The first detailed immunohistopathological characterisation of an untreated 

human intrasplenic infection was performed in a case study of a P. vivax infected 

patient who was splenectomised due to splenic rupture. This case study revealed 

large numbers of non-phagocytosed parasites in the cords of the spleen, as well 

as several histopathological changes such as white pulp (WP) expansion (Machado 

Siqueira et al., 2012). More recently, a study of the spleen from 22 adult chronic 

asymptomatic malaria patients undergoing splenectomy in Indonesia revealed that 

93.1% and 98.7% of the total parasite biomass was in the spleen for P. falciparum 

and P. vivax malaria respectively (Kho et al., 2021b). Note that this calculation of 

biomass was based on spleen, peripheral blood, and estimates of BM biomass; no 

other tissues were analysed. It is currently unknown whether the spleen in 



 

 

33 
paediatric severe P. falciparum malaria harbours a significant parasite biomass of 

intact parasites.  

 

1.2.5 Evidence for an Endosplenic Life Cycle 

Evidence for a cryptic life cycle in the haematopoietic niches was first 

demonstrated in P. berghei infected mice. Here, parasites utilised the erythroid 

precursor rich environments of the BM and spleen to establish a cryptic asexual 

lifecycle. Importantly, in P. berghei infected mice, artemisinin-induced 

haemolysis drove erythropoiesis providing ample host cells for reinvasion which 

subsequently resulted in recrudescent infection. Furthermore, parasites which 

invaded erythroid precursors in the BM and spleen were less sensitive to 

antimalarials indicating a niche by which resistance could emerge (Lee et al., 

2018). In chronic asymptomatic P. vivax infection in adults, Kho et al., identified 

parasites of all developmental stages in proportions consistent with the duration 

of each stage in the intraerythrocytic life cycle (Kho et al., 2021a). Together with 

the observation that parasite magnitudes in the spleen could not be explained by 

peripheral parasitaemia alone, this suggests the existence of an endosplenic life 

cycle. Furthermore, a pool of retained reticulocytes were observed in the spleen 

of P. vivax and P. falciparum patients which could facilitate reinvasion events. 

These findings suggest the existence of an endosplenic cycle in chronic 

asymptomatic malaria.  

 

It is important to note that there are physiological differences between the spleen 

in adult mice and humans (reviewed in Section 1.3.4). The primary difference 

between these two species is the erythropoietic activity of the spleen, where 

there is limited evidence of erythropoiesis in the spleen of humans, in particular 

as a consequence of malaria (Gupta et al., 2022). The role of the spleen in parasite 

growth is currently unknown in paediatric severe malaria cases.  

 

1.3 Structure of the BM and the Spleen 

To investigate the spleen and BM parasite reservoirs, it is important to gain an 

understanding of the structure and function of each of these organs. Many studies 

on the haematopoietic niches have been performed on mouse models of malaria. 
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However, as previously alluded to, there are fundamental differences between 

these organs in human and mice.  

 

1.3.1 Structure and Function of the BM 

In humans, the BM is the primary site of haematopoiesis, the production of blood 

cells, and can be found within the cavities of bones accounting for approximately 

4% of the total body weight. Structurally, the BM consists of haematopoietic cords 

which localise to sinusoidal vascular networks, and adipocytes which together are 

supported by a web of reticular fibres and bony trabeculae (Mescher, 2018, 

Travlos, 2006, Lucas, 2021). Based on gross anatomy, the BM can be broadly 

divided into two: the red marrow, which is haematopoietically active, and the 

yellow (fatty) marrow, which consists of adipocytes and is haematopoietically 

inactive (Griffith, 2017).  

 

In utero and in early childhood, the BM occupies the medullary cavity of long and 

spongy bones and is almost entirely haematopoietically active. However, BM 

composition and skeletal site distribution changes with age (Griffith, 2017). As 

individuals age, the appendicular (limb) marrow converts to fatty marrow in a 

centripetal and symmetrical manner, a process known as BM conversion. In adults, 

haematopoietically active marrow is localised to the axial (central) skeleton and 

the proximal ends of the femur and humerus (Di Iorgi et al., 2008, Griffith, 2017). 

Accordingly, the BM cellularity, which refers to the percentage of 

haematopoietically active cells compared to fatty marrow or adipocytes, can be 

estimated in histopathological examinations, and is directly related to age (Figure 

1-5). For example, the BM cellularity in children under 3 months is usually 80% or 

more. For children between 18 months and 11 years old, the BM cellularity is 

typically between 50% and 70% (Sturgeon, 1951, Proytcheva, 2013).  
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Figure 1-5. Cellularity of the bone marrow (BM) alters with age. Haematoxylin and eosin (H&E)-
stained BM sections. The cellularity of the BM (the proportion of haematopoietically active cells 
to adipocytes) decreases with age; this is evident in H&E-stained sections from PM16 (4 years old) 
compared to PM20 (8 years old) where PM20 has a greater proportion of adipocytes. Abbreviations: 
PM, postmortem. 
 

 

 

Our understanding of how haematopoietic stem cells differentiate into distinct 

myeloid and lymphoid cell lineages has advanced in recent years; however, our 

understanding of the spatial organisation of BM microenvironments to support 

haematopoiesis is less comprehensive (Lucas, 2021). Haematopoiesis, 

differentiation and/or cell maturation, occurs in the BM in distinct 

microenvironments or niches (Lucas, 2017). For example, erythropoiesis occurs in 

specialised niches known as erythroblastic islands (Figure 1-6A). Erythroblastic 

islands were first identified in the BM by the French haematologist, Marcel Bessis, 

using transmission electron micrographs. They described erythroblastic islands as 

developing erythroblasts surrounding a central macrophage, often termed a 

‘nursing macrophage’. These nursing macrophages provide iron for erythroblasts 

and promote enucleation (Bessis, 1958, Chasis and Mohandas, 2008). 

Megakaryocytes, the largest haematopoietic cell, localise adjacent to marrow 

sinusoids where they deposit platelets directly into circulation via proplatelet 

extensions (Figure 1-6B) (Stone et al., 2022). In contrast, granulopoiesis, or 

granulocytes, do not have distinct foci within the BM (Travlos, 2006). 

Haematopoietic cells in the BM demonstrate plasticity, adapting their cell 

proportions in response to external stimuli such as increased demand due to 

inflammation (e.g., infection) or anaemia. This dynamic responsiveness allows for 

alterations in the cellular composition of the BM microenvironment which can be 

evaluated in histopathological examinations.  
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Figure 1-6. The bone marrow (BM) is organised into distinct niches. Haematoxylin and eosin 
(H&E)-stained BM sections. (A) Erythropoiesis occurs in specialised niches called erythroblastic 
islands. Erythroblastic islands consist of a central macrophage surrounded by erythroblasts 
undergoing maturation and enucleation. (B) Megakaryocytes localise to sinusoids where they 
deposit platelets into circulation. Dashed black lines mark the sinusoidal lining. 
 

 

 

1.3.2 Structure and Function of the Spleen 

The spleen can be regarded as a secondary haematopoietic organ, exhibiting 

haematopoietic activity during foetal development. The function of the spleen is 

to filter blood by removing aged or damaged RBCs, recycle iron, and to initiate 

adaptive immune responses against blood-borne pathogens and antigens. 

Positioned intraperitoneally, the spleen resides in the upper left abdomen, 

situated behind the stomach (Kapila et al., 2023). Based on structure and function, 

the spleen can be divided into two major compartments: the red pulp (RP) and 

the white pulp (WP) (Mebius and Kraal, 2005).  
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The spleen is encased within a capsule consisting of connective tissue containing 

myofibroblasts which allows the spleen to contract and expand. In humans, the 

RP occupies most of the splenic tissue and consists of the macrophage lined splenic 

cords and sinusoids (Figure 1-7A). The RP features a slow and “open” circulation, 

where RBCs navigate through narrow inter-endothelial slits (1-2 µm) within venous 

sinuses before re-entering circulation (Schmidt et al., 1993). This passage through 

inter-endothelial slits acts as a site of RBC quality control where young, healthy, 

and deformable RBCs can pass through, and aged, damaged, or iRBCs are trapped 

in the reticular meshwork of the cords (Groom et al., 1991, Buffet et al., 2006, 

Safeukui et al., 2008). Trapped RBCs are subsequently phagocytosed by cordal 

macrophages or undergo a process called ‘pitting’. Pitting allows for the RBC to 

be recycled where RBC particulates, such as Howell-Jolly bodies (nuclear 

remnants), Heinz bodies (denatured haemoglobin) or Plasmodium, are removed 

and phagocytosed (Schnitzer et al., 1972, Ghosh and Stumhofer, 2021).  

 

The WP is composed of lymphatic tissue where adaptive immune responses to 

blood-borne pathogens or antigens are initiated. In the centre of the WP is the 

germinal centre which is occupied by B lymphocytes and serves as the site of 

antigen presentation and antibody production (Stebegg et al., 2018). Beyond the 

germinal centre are the mantle and marginal zones (Figure 1-7B). In humans, an 

additional compartment, the perifollicular zone, exists beyond the marginal zone 

separating the WP from the RP (Figure 1-7A). Approximately 90% of splenic blood 

flow entering the marginal zone will enter the fast circulation of the perifollicular 

zone. The remaining 10% enters the slow circulation of the RP (Safeukui et al., 

2008). Surrounding central arterioles is the periarteriolar lymphoid sheath (PALS), 

which is predominantly occupied by T lymphocytes; in humans, PALS are sparsely 

distributed and tend to occur around larger arteries (Figure 1-7A) (Steiniger et 

al., 2001, Steiniger, 2015, Lewis et al., 2019).  
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Figure 1-7. The structure of the spleen. Haematoxylin and eosin (H&E)-stained spleen sections. 
(A) The structure of the spleen can be broadly separated into two distinct compartments: the red 
pulp (RP) and the white pulp (WP). Surrounding large vessels is the periarteriolar lymphoid sheath 
(PALS). Beyond the WP is an area of fast circulation known as the perifollicular zone (PFZ). (B) 
Structure of the WP. The germinal centre (GC) is surrounded by the mantle zone (ManZ) followed 
by the marginal zone (MarZ). CA, central artery. Abbreviations: RP, red pulp; WP, white pulp; PFZ 
perifollicular zone; PALS, periarteriolar lymphoid sheath; CA, central artery; GC, germinal centre; 
ManZ, mantle zone; MarZ, marginal zone. 
 
 

 

 

1.3.3 Anaemia and Extramedullary Haematopoiesis  

Haematopoiesis is the process by which all blood cells are produced. During 

embryonic and foetal development, primitive haematopoiesis begins in the yolk 

sac, followed by the aorta-gonad mesonephros region and then in the liver and 

the spleen. After birth, the BM is the primary site for definitive haematopoiesis 

throughout life in humans (Galloway and Zon, 2003, Mikkola and Orkin, 2006, Orkin 

and Zon, 2008, Gupta et al., 2022). Haematologic disorders such as chronic 

haemolytic anaemia, thalassaemia, sickle cell anaemia, and myelofibrosis, as well 

as some cancers such as leukaemia and lymphoma, can lead to BM dysfunction and 

ineffective haematopoiesis. In rare instances, this BM dysfunction forces 

haematopoiesis to occur in extramedullary sites. Extramedullary haematopoiesis 

is a compensatory response to peripheral blood cells cytopenias (anaemia, 

neutropenia, thrombocytopenia) or increased cell demand which occurs most 

commonly in sites that were involved in primitive haematopoiesis such as the 

spleen and liver (Orphanidou-Vlachou et al., 2014, Gupta et al., 2022, Reichard 

et al., 2023).   

 
In sub-Saharan Africa, there is a high prevalence of anaemia in children less than 

five years old (Tesema et al., 2021). In Malawi, several factors were independently 
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associated with the prevalence of severe anaemia  in children, including HIV, 

bacteriaemia, hookworm infection, vitamin A and B12 deficiency, and malaria 

(Calis et al., 2008). Anaemia in sub-Saharan Africa is often associated with 

haemoglobinopathies, such as sickle cell disease and thalassaemia (Weatherall, 

2008, Taylor et al., 2012, Adigwe et al., 2023). These conditions are prevalent in 

areas with a high incidence of malaria due to a level of protection provided by the 

haemoglobinopathy; both thalassaemia and sickle cell disease have been 

associated with extramedullary haematopoiesis (Gupta et al., 2022).  

 

As previously described (Section 1.1.2), malarial anaemia is multifactorial. The 

nature of Plasmodium infection results in the destruction of iRBCs through 

schizont rupture. However, a larger contributor to malarial anaemia is the 

destruction of uRBCs compounded by BM dysfunction and subsequent 

dyserythropoiesis (White, 2018). Given the severity of malarial anaemia, and 

examples of extramedullary haematopoiesis in patients with haemoglobinopathies 

sharing the same geographical distribution, it has been hypothesised that 

extramedullary haematopoiesis may occur as a consequence of malaria (Ghosh and 

Stumhofer, 2021).  

 

In mice, erythropoiesis in the BM was reduced in early infection with no 

compensatory increase in erythropoietin, a glycoprotein hormone which 

stimulates RBC production. This decrease in erythropoietic activity in the BM was 

associated with splenomegaly which was in turn associated with an increase in 

erythroid progenitors in the spleen during peak parasitaemia (Weiss et al., 1989, 

Villeval et al., 1990, Yap and Stevenson, 1992, Lamikanra et al., 2007, Ghosh and 

Stumhofer, 2021). Interestingly, when comparing fatal P. berghei infection with 

non-fatal P. yoelii infection, P. yoelii infected mice exhibited more marked 

splenomegaly and a greater degree of erythroid progenitors in the spleen (Asami 

et al., 1992). Similar findings were generated when comparing P. chabaudi 

infection in resistant compared to susceptible mice (Yap and Stevenson, 1992). 

This suggests that the degree of extramedullary haematopoiesis during malaria in 

mice could relate to the severity of disease. However, to date there have been no 

studies demonstrating extramedullary haematopoiesis in the spleen in human 

Plasmodium infection.    
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1.3.4 Differences Between Human and Mouse Haematopoietic 

Niches  

As before described, many studies have been performed in mouse models to 

investigate extramedullary haematopoiesis, or stress erythropoiesis. However, 

there are a few key differences between the human and murine spleen. One such 

difference is the splenic microarchitecture. For example, in humans the 

separation between the RP and the WP is the perifollicular zone; however, this is 

absent in mice where the marginal zone separates the two primary compartments 

of the spleen (Steiniger, 2015, Lewis et al., 2019). The major difference between 

mice and human spleen lies in their respective roles in erythropoiesis.  

 

As before described, the primary site of erythropoiesis in humans is the BM. The 

production of RBCs in the BM in humans is dynamic and can respond to increasing 

RBC demands allowing for a 20-fold increase in RBC production. In mice, both the 

BM and spleen are haematopoietically active. However, in adult mice, the BM has 

limited capacity to increase RBC production (Liu et al., 2013). The spleen in adult 

mice is the primary site of erythropoiesis which is able to respond to increased 

RBC production demands during anaemia (Weiss et al., 1989, Villeval et al., 1990, 

Yap and Stevenson, 1992, Lamikanra et al., 2007, Paulson et al., 2011, Bennett et 

al., 2018, Paulson et al., 2020, Ghosh and Stumhofer, 2021, Chen et al., 2021). 

Furthermore, it has also been demonstrated in P. berghei infected and naïve mice, 

that treatment with low doses of artemisinin had a stimulatory effect on 

haematopoiesis in the spleen (Lee et al., 2018). The spleen in mice is therefore a 

haematopoietically active organ, whereas in humans, the spleen is 

haematopoietically inactive. Consequently, it is important to avoid 

overgeneralising findings from studies on extramedullary haematopoiesis/stress 

erythropoiesis in mice in the context of human malaria.   

 

1.4 Gene Regulation and Sexual Commitment  

The haematopoietic niches of the host serve as crucial parasite reservoirs for 

onward transmission. As such, gaining a deeper understanding of how parasites 

sequestered in these organs are distinct, particularly in terms of sexual 

commitment, is important. One approach to investigating this is the use of 

transcriptomics.  
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1.4.1 The Plasmodium Genome  

In the three decades since the nuclear genome of P. falciparum was sequenced, 

our comprehension of its intricacies and gene regulation mechanisms has advanced 

significantly. Like other higher eukaryotes, Plasmodium possesses both nuclear 

and mitochondrial genomes. However, in 1991, Wilson et al. identified a third 

organellar genome leading to the discovery of the apicoplast - a non-

photosynthetic but chloroplast-derived organelle with a circular genome present 

in organisms of the phylum Apicomplexa (Wilson et al., 1991). In 1996, an 

international consortium was established to sequence and annotate the genome 

of P. falciparum (Hoffman et al., 1997). Building on this initiative, the nuclear 

genome of P. falciparum (clone 3D7) was successfully sequenced in 2002 marking 

the establishment of the first Plasmodium reference genome (Gardner et al., 

2002). Since 2002, ongoing efforts have enhanced the genome assembly, 

addressing closure of gaps, conducting full chromosome sequencing (from 

telomere to telomere), rectifying mis-assemblies and sequencing errors, and 

incorporating the apicoplast and mitochondrial genomes into the reference (Berry 

et al., 2004, Otto et al., 2010a, Hunt et al., 2015, Böhme et al., 2019). The nuclear 

genome of P. falciparum spans 22.8 Mbp with a total of 5438 genes (v. 3.2, 2019) 

distributed across 13 chromosomes (Gardner et al., 2002, Böhme et al., 2019). 

Unusually, the Plasmodium nuclear genome is highly AT-biased, one of the most 

AT-rich nuclear genomes, with an average of 87% AT bases found within exons in 

P. falciparum (Dechering et al., 1998).   

 

1.4.2 Gene Regulation 

Plasmodium spp. transition through many morphologically and functionally 

distinct stages during their complex life cycle suggesting the requirement for strict 

control of gene regulation (Section 1.1.2). This regulation can occur at the 

epigenetic, transcriptional, post-transcriptional and/or post-translational level 

(Vembar et al., 2016). Shortly after the nuclear genome was sequenced, the 

transcriptomes of P. falciparum intraerythrocytic stages were published 

independently by Bozdech et al. and Le Roch et al. Both studies utilised 

microarrays to reveal a cyclic pattern of expression whereby peak expression 

levels in transcripts during the intraerythrocytic cycle correlated with the function 
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of the encoded protein. This type of expression pattern has been described as a 

“just-in-time” model of transcription where expression occurs immediately prior 

to when the protein is required (Bozdech et al., 2003, Le Roch et al., 2003, Llinás 

et al., 2006). These intraerythrocytic gene expression programmes were found to 

be highly conserved among different strains when comparing the geographically 

distant strains HB3 (originating from Latin America), 3D7 (West Africa) and Dd2 

(Southeast Asia) (Llinás et al., 2006).     

 

Transcription factors are proteins involved in the initiation and regulation of 

transcription. They operate by recognising deoxyribonucleic acid (DNA) motifs 

containing regulatory elements, which influences the initiation of the pre-

initiation complex for transcription. The sequencing of the Plasmodium genome 

revealed a lack of known specific transcription factors which regulate subsets of 

genes in other eukaryotes. The lack of specific transcription factors in P. 

falciparum lead to the hypothesis that gene regulation in Plasmodium was mainly 

via post-transcriptional regulation (Painter et al., 2011). However, through 

sensitive sequencing profiling methods, Balaji et al. identified a novel family of 

DNA binding proteins known as the Apicomplexan apetala-2 (ApiAP2) protein 

family found in Plasmodium, Cryptosporidium, Theileria, and later Toxoplasma 

(Balaji et al., 2005, Altschul et al., 2010). These proteins contain at least one of 

the AP2 (Apetala-2 integrase) DNA binding domains of approximately 60 amino 

acids analogous to those found in the plant AP2/ethylene response factor 

(Ap2/ERF) transcription factor family (Riechmann and Meyerowitz, 1998). The P. 

falciparum ApiAp2 family, often described as the principal family of transcription 

factors in Plasmodium, has 27 orthologs, some of which have been shown to act 

in a stage specific manner. For example, AP2-L (PF3D7_0730300) in liver stages is 

involved in development within hepatocytes, AP2-I (PF3D7_1007700) acts in 

merozoites for invasion, AP2-EXP (PF3D7_1466400) acts in rings for expression of 

multigene families, and AP2-G (PF3D7_1222600) is the master regulator of sexual 

commitment in trophozoites/schizonts (Yuda et al., 2010, Iwanaga et al., 2012, 

Santos et al., 2017, Martins et al., 2017, Kafsack et al., 2014, Sinha et al., 2014, 

Poran et al., 2017). Despite the discovery of this principal transcription factor 

family, Plasmodium has relatively few specific transcription factors. Indeed, when 

compared to other eukaryotes, the ratio of proteins to predicted specific 

transcription factors was found to be 800 in Plasmodium in contrast to 29 in 
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Saccharomyces cerevisiae (Templeton et al., 2004). Therefore, other gene 

regulation mechanisms must be at play to compensate for the relative scarcity of 

transcription factors in Plasmodium.  

 

In addition to specific transcription factors, an important level of gene regulation 

in Plasmodium is through chromatin structure modifications and epigenetic 

mechanisms. Epigenetics have been implicated in antigenic variation, solute 

transport, and sexual commitment (Cortés and Deitsch, 2017). At the core of this 

regulation is the nucleosome, the fundamental unit of chromatin in eukaryotes. 

The nucleosome is composed of a histone octamer (two copies of H2A, H2B, H3 

and H4) with approximately 147 base pairs of DNA arranged in a superhelix 

surrounding it (Luger et al., 1997). This packaging into nucleosomes, and the 

positioning of nucleosomes along the genome, regulates gene expression by 

altering the access of transcription factors to promoter regions (Hollin and Le 

Roch, 2020). Overall, the chromatin landscape of P. falciparum was found to be 

predominantly euchromatic (open DNA structure) with distinct “heterochromatic 

islands” (closed DNA structure) (Salcedo-Amaya et al., 2009). Through 

investigation of nucleosome positioning during asexual and sexual stages, it was 

found that euchromatin was mostly observed in trophozoites and gametocytes 

coinciding with high transcriptional activity in these stages (Bunnik et al., 2014, 

Ponts et al., 2011, Bozdech et al., 2003, Le Roch et al., 2003). The histones of 

each nucleosome are subject to post translational modifications (in particular, 

acetylation and methylation) through their N terminal tails exposed outside of 

nucleosomes. These modifications affect the chromatin structure and, 

consequently, transcriptional activity. Using mass spectrometry approaches and 

monoclonal antibodies against these conserved modifications, many post-

translational modifications have been identified in Plasmodium (Miao et al., 2006, 

Salcedo-Amaya et al., 2009, Trelle et al., 2009, Saraf et al., 2016, Coetzee et al., 

2017, Shrestha et al., 2022). Specifically, in asexual stages and gametocytes, 232 

and 90 distinct post-translational modifications were identified respectively (Saraf 

et al., 2016, Shrestha et al., 2022). From such studies, certain epigenetic marks 

emerged as distinctive markers of heterochromatic or euchromatic states, 

analogous to such marks in other eukaryotic systems. For example, 

heterochromatin, and therefore inactive promoters, is associated with H3K9me3 

(i.e., trimethylation at lysine position 9 of the histone 3 protein) and H3K36me3 
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epigenetic marks. These modifications are mutually exclusive with H3K9ac (i.e., 

acetylation at lysine position 9 of the histone 3 protein) and H3K4me3  

modifications which are associated with euchromatin and therefore active 

promoters (Cui et al., 2007, Cui et al., 2008, Trelle et al., 2009, Salcedo-Amaya 

et al., 2009, Lopez-Rubio et al., 2009, Fraschka et al., 2018, Bártfai et al., 2010, 

Gupta et al., 2013, Ruiz et al., 2018). Post-translational modifications can be 

modified by histone modifiers deemed as “writers”, such as histone 

acetyltransferases or histone lysine methyltransferases, or “erasers”, such as 

histone lysine deacetylases and histone lysine demethylases (Cui et al., 2007, Cui 

et al., 2008, Chaal et al., 2010). Such histone marks can be recognised by specific 

recognition proteins, such as heterochromatin protein 1 (HP1; PF3D7_1220900) 

which binds to the repressive mark H3K9me3 resulting in heterochromatin 

formation. This binding interaction has been demonstrated to silence multigene 

families (e.g., var genes in antigenic variation/cytoadherence) as well as ap2-g 

(sexual commitment) by maintaining a repressive centre in the nuclear periphery 

(Lomberk et al., 2006, Pérez-Toledo et al., 2009, Flueck et al., 2009, Bunnik et 

al., 2018, Brancucci et al., 2014).  

 

For decades, it has been evident that Plasmodium, and other Apicomplexans, 

encode numerous noncoding ribonucleic acid (RNA) (ncRNAs), including long 

noncoding RNAs (lncRNAs), however their functions have been relatively unknown 

(Raabe et al., 2010, Broadbent et al., 2011, Patil et al., 2012, Siegel et al., 2014, 

Broadbent et al., 2015, Chappell et al., 2020, Li et al., 2021b, Batugedara et al., 

2023). Due to recent advances in “omic” technologies, identification of ncRNAs 

has improved and their specific functions are starting to be elucidated. ncRNAs 

exhibit functional diversity depending on their type. They can modify gene 

expression by recruiting transcription factors or transcriptional machinery, 

modulate the chromatin landscape through interactions with epigenetic factors, 

and block protein function through their own binding interactions, among other 

functions (Simantov et al., 2022). Indeed, it has recently been demonstrated that 

some ncRNAs correlate with changes in gene expression suggesting their 

involvement with epigenetic and transcription factors (Batugedara et al., 2023). 

Many ncRNAs were found to be transcribed from bidirectional promoters resulting 

in noncoding antisense RNA (asRNA) “transcriptionally linked” to coding mRNA 

which are coregulated (Chappell et al., 2020). Such asRNA have been implicated 
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in the monoallelic expression of var genes, as “activators” of their corresponding 

var gene. Chromatin immunoprecipitation (ChIP) with RNA revealed the 

integration of var gene asRNA into chromatin, with linked var mRNA and 

corresponding asRNA exhibiting distinct perinuclear co-localisation as identified 

by RNA fluorescence in situ hybridisation (Epp et al., 2009, Amit-Avraham et al., 

2015). Indeed, the induction of asRNA from a particular silent var gene intron 

leads to a switching event resulting in the expression of this silent var gene (Amit-

Avraham et al., 2015, Jing et al., 2018). While nearly 2000 ncRNAs have been 

identified, many of which novel to P. falciparum, few have been functionally 

characterised. Consequently, the extent to which ncRNAs regulate gene 

expression remains largely unknown (Batugedara et al., 2023).  

 

While Section 1.4.2 provides an overview of gene regulation mechanisms in 

Plasmodium, this has been extensively reviewed elsewhere (Painter et al., 2011, 

Vembar et al., 2016, Toenhake and Bártfai, 2019, Hollin and Le Roch, 2020, Hollin 

et al., 2023, Simantov et al., 2022).  

 

1.4.3 Gene Regulation in Sexual Commitment 

Sexual commitment and gametocytogenesis are great examples of the dynamic 

interplay between gene regulation mechanisms. As described previously in Section 

1.4.2, the transcription factor AP2-G was identified as the master regulator of 

sexual commitment (Kafsack et al., 2014, Sinha et al., 2014). In asexual parasites, 

the ap2-g locus is silenced through the interaction between HP1 with the 

epigenetic modification H3K9me3, resulting in a heterochromatic state. In 

collaboration with HP1, the histone modifying HDA2 (PF3D7_1008000) acts by 

removing histone acetylation marks (e.g., H3K9ac), thus promoting repression of 

the ap2-g locus (Brancucci et al., 2014, Coleman et al., 2014). During sexual 

commitment, the perinuclear protein GDV1 (PF3D7_0935400) dissociates HP1 from 

the ap2-g locus resulting in its euchromatic state and triggering the expression of 

ap2-g (Eksi et al., 2012, Filarsky et al., 2018). GDV1, and therefore sexual 

commitment, is negatively regulated by the ncRNA gdv1 antisense (GDV1as, 

PF3D7_0935390) which is (indirectly) responsive to environmental triggers of 

sexual commitment such as lysophosphatidylcholine (LysoPC) depletion (Filarsky 

et al., 2018, Brancucci et al., 2017). Several proteins have been found to have 

AP2-G binding sites; among these is MSRP1 (PF3D7_1335000), a merozoite surface 
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protein 7 (MSP7)-related protein which has been consistently upregulated in 

sexually committed cells (Poran et al., 2017, Brancucci et al., 2018, Perrin et al., 

2015, Kadekoppala et al., 2010).  

 

1.4.4 The Kennedy Pathway and Environmental Induction 

Phospholipids are essential components of cell membranes. In Plasmodium 

phosphatidylcholine (PC) and phosphatidylethanolamine (PE) are the primary 

membrane phospholipids which represent 40-50% and 35-40% of the total 

phospholipids in Plasmodium respectively (Vial et al., 2003). Phospholipid levels 

vary throughout the life cycle with a 6-fold rise in phospholipid levels observed in 

trophozoites and schizonts (Tran et al., 2016). Plasmodium can synthesise PC and 

PE de novo from exogenous choline sources, ethanolamine or serine (Figure 1-8) 

(Déchamps et al., 2010b). PC is largely derived from exogenous LysoPC which is 

hydrolysed into choline and fatty acids via the parasite derived exported lipase 2 

(XL2) before entering the Kennedy pathway (Liu et al., 2024). Choline is 

phosphorylated via choline kinase (CK) to produce phosphocholine (P-Cho). P-Cho 

is then metabolised to cytidine-diphosphocholine (CDP-Cho) via 

CTP:phosphocholine cytidylytransferase (CCT). The final step of the Kennedy 

pathway adds a choline headgroup to diacylglycerol (DAG) which is catalysed by 

choline/ethanolamine phosphotransferase (CEPT) resulting in the production of 

PC (Déchamps et al., 2010b, Déchamps et al., 2010a, Wein et al., 2012). In 

circumstances where exogenous LysoPC is less abundant, an alternative substrate 

arm of the Kennedy pathway is upregulated. This alternative Kennedy pathway 

arm utilises ethanolamine or serine from the environment via ethanolamine kinase 

(EK) to ultimately synthesise PC. This requires the s-adenosylmethionine (SAM)-

dependent transmethylation of phosphoethanolamine (P-Eth) which is catalysed 

by phosphoethanolamine methyltransferase (PMT) (Pessi et al., 2004, Pessi et al., 

2005, Flammersfeld et al., 2018). The methylation from SAM results in the 

production of S-adenosyl-l-homocysteine (SAH) which is recycled by SAH hydrolase 

(SAHH) (Tanaka et al., 2004). The metabolic pathways and enzymes involved in 

phospholipid synthesis have been demonstrated to be essential for the parasite 

and hence are excellent drug targets (Figure 1-8) (Ancelin et al., 2003, Déchamps 

et al., 2010b, Wein et al., 2012).   

 



 

 

47 
Sexual commitment, and consequently sexual conversion rates, have been shown 

to be responsive to environmental factors. Several factors have been 

demonstrated to alter conversion rates, including antimalarial treatment, host 

cell age, extravascular vesicles, and endoplasmic reticulum stress (Buckling et al., 

1999, Peatey et al., 2013, Mantel et al., 2013, Regev-Rudzki et al., 2013, Chaubey 

et al., 2014). A strong inducer of sexual commitment is the depletion of the serum 

lipid LysoPC, a major substrate for PC biosynthesis (Brancucci et al., 2017). This 

negative correlation between plasma LysoPC and ap2-g has been demonstrated in 

vivo in two human cohort studies of P. falciparum malaria (Usui et al., 2019, Abdi 

et al., 2023). Using blood samples collected from uncomplicated malaria cases in 

Ghana, Usui et al. observed an association between high levels of plasma LysoPC 

and low gametocyte-to-asexual ring ratios (Usui et al., 2019). Subsequently, Abdi 

et al. demonstrated a significant negative correlation between LysoPC levels and 

ap2-g transcription levels in a large cohort (n=235) of severe, uncomplicated and 

asymptomatic malaria cases in Kenya. This relationship was associated with high 

inflammatory responses during low transmission seasons (Abdi et al., 2023). 

Furthermore, a local LysoPC depletion was observed in the BM in mice which was 

hypothesised to be the result of serum albumin binding to LysoPC in the plasma 

preventing the passage of the complex to the extravascular space (Brancucci et 

al., 2017, Kim et al., 2007). This local depletion in LysoPC suggests that sexual 

commitment, at least in part, could be tissue specific. 

 

LysoPC is an inflammatory mediator acting as a chemoattractant for monocytes 

and T lymphocytes. The phospholipid induces the production of pro-inflammatory 

cytokines such as IFNγ and IL-18, and promotes the polarisation of macrophages 

into the pro-inflammatory M1 phenotype (Quinn et al., 1988, McMurray et al., 

1993, Huang et al., 1999, Qin et al., 2014). In turn, the inflammatory response 

can trigger the turnover of LysoPC to PC, resulting in reduced LysoPC 

concentrations in serum (Law et al., 2019). Indeed, this was also observed by Abdi 

et al. where markers of the inflammatory response were associated with reduced 

plasma concentrations of LysoPC, which in turn was associated with ap2-g 

expression. This relationship between sexual commitment, inflammation and low 

LysoPC levels was most significant during low transmission seasons (Abdi et al., 

2023). Therefore, parasites can adjust their investment in reproduction in 



 

 

48 
response to changes in the host environment, which is subject to transmission 

intensity.  

 

 

 

Figure 1-8. The biosynthesis of phosphatidylcholine (PC) in Plasmodium. Plasmodium 
synthesises PC de novo predominantly through the Kennedy pathway. Here, the parasite uptakes 
exogenous lysophosphatidylcholine (LysoPC) (which is hydrolysed to glycerophosphocholine (G3P-
Cho)) via exported lipase 2 (XL2)) or exogenous choline. Choline is phosphorylated via choline 
kinase (CK) to phosphocholine (P-Cho). This is then metabolised to CDP-choline through the action 
of CCT:phosphocholine cytidyltransferase (CCT). The choline headgroup is then added to 
diacylglycerol (DAG) via choline/ethanolamine phosphotransferase (CEPT) to produce PC. When 
exogenous LysoPC/choline is not available, an alternative substrate arm of the Kennedy pathway 
is triggered whereby PC can be synthesised from ethanolamine or serine. Here, ethanolamine 
kinase (EK) phosphorylates ethanolamine to phosphoethanolamine (P-Eth). P-Eth is trimethylated 
from the methyl donor s-adenosylmethionine (SAM) which is catalysed by phosphoethanolamine 
methyltransferase (PMT) to form P-Cho. This reaction results in the release of S-adenosyl-l-
homocysteine (SAH) which is recycled by SAH hydrolase (SAHH) in the SAMS biosynthesis pathway. 
P-Cho is then metabolised as before to produce PC. Abbreviations: EK, ethanolamine kinase; P-
Eth, phosphoethanolamine; SAMS, S-adenosyl-l-methionine synthase; SAH, S-adenosyl-l-
homocysteine; SAHH, SAH hydrolase; PMT, phosphoethanolamine methyltransferase; P-Cho, 
phosphocholine; CK, choline kinase; G3P-Cho, glycerophosphocholine; XL2, exported lipase 2; 
LysoPC, lysophosphatidylcholine; CCT, CCT:phosphocholine cytidyltranferase; CDP-Cho, cytidine-
diphosphocholine; CEPT, choline/ethanolamine phosphotransferase; PC, phosphatidylcholine; 
ECT, ethanolaminephosphate cytidylyltransferase; CDP-Eth, cytidine-diphosphoethanolamine; PE,  
phosphatidylethanolamine; DAG, diacylglycerol. PV, parasitophorous vacuole; RBC, red blood cell. 
Figure created with BioRender.com. 
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1.5 Summary and Aims  

In summary, the spleen and BM represent two important reservoirs of Plasmodium 

which contribute to ongoing transmission and may contribute to the development 

of resistance and recrudescent infection. Studies in chronic asymptomatic malaria 

in adults revealed that the spleen harbours a large hidden biomass of intact 

parasites of all stages of the life cycle, including gametocytes, with evidence to 

suggest the existence of an endosplenic life cycle. However, the contribution of 

the spleen towards the total parasite biomass in paediatric P. falciparum severe 

malaria cases, responsible for most malaria associated mortality, remains 

unknown. Furthermore, the role of the spleen in gametocyte formation and 

development has not been systematically investigated. The BM reservoir has been 

demonstrated to exhibit an enrichment of gametocytes in the extravascular 

spaces. However, it remains unclear whether the unique environment of the BM 

(characterised by active erythropoiesis and a local LysoPC depletion) directly 

facilitates sexual commitment within the BM. Consequently, parasites 

sequestered in the BM may exhibit transcriptional differences from those 

sequestered elsewhere in the body, specifically in relation to sexual commitment. 

The specific nature of these distinctions between parasite populations in the body 

requires further investigation.  

 

This thesis is structured around two overarching aims: firstly, to characterise the 

splenic reservoir of P. falciparum in paediatric severe malaria cases, and secondly, 

to investigate the transcriptional differences between sequestered schizont 

populations.  

 

This thesis specifically aims to: 

• Determine if there is a significantly higher biomass of intact P. falciparum 

in the spleen compared to other tissues in paediatric severe malaria 

patients.  

• To investigate the existence of an endosplenic life cycle in the spleen of 

paediatric severe malaria patients.  

• To determine the contribution of the spleen towards gametocyte formation 

and development in relation to the BM.  

• To deconvolute the transcriptional signature of sexual commitment in P. 

falciparum schizonts.    
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Chapter 2 | Materials and Methods  
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2.1 Malawi Cohort 

2.1.1 Patient Samples and Ethical Approval 

Tissues obtained for this study were collected as part of a severe paediatric 

malaria post-mortem study in Blantyre, Malawi between 1996 and 2010. Patients 

were admitted to the Malaria Research Ward in the Queen Elizabeth Central 

Hospital in Blantyre, Malawi. Clinical observations were made every 2 hours with 

parasitaemia assessed every 6 hours using finger prick blood samples. All patients 

were treated with intravenous quinine dihydrochloride with infusions continuing 

until four consecutive blood smears were interpreted as negative for malaria 

parasitaemia. A clinical diagnosis was made during life except for cases where the 

time to death was too short to make a clinical diagnosis (indeterminant cases). 

Full details of the clinical management of patients has been previously described 

(Taylor et al., 2004).   

 

Over 2000 children were enrolled in the study, with 404 cases resulting in 

mortality giving a mortality rate of 20% for the study. In the event of death, 

families were met with a Malawian clinician who discussed the possibility of a 

post-mortem. Consent to perform a post-mortem was sought for 335 cases.  In 

total, 103 post-mortems were performed with post-mortem intervals (PMI) 

between 2 and 14 hours after death. The cause of death was determined at post-

mortem forming the basis for the classification into clinical groups. Collected 

tissues were stored in 10% neutral buffered formalin (NBF) and processed and 

embedded in paraffin to generate formalin-fixed, paraffin embedded (FFPE) tissue 

blocks using standard protocols at the time of collection.  

 

Most patients enrolled in the study had clinically defined cerebral malaria (CM) 

which was defined as coma (Blantyre Coma Scale score ≤ 2 or Glasgow Coma Scale 

score ≤ 10) with no improvement following correction of hypoglycaemia, P. 

falciparum peripheral parasitaemia, and no other obvious cause of coma such as 

meningitis (Taylor et al., 2004). For cases meeting this clinical definition during 

life, three patterns of cerebral histopathology were observed at post-mortem 

generating the following histologically defined CM definitions: CM1 cases exhibited 

sequestration of infected red blood cells (iRBC) with no further cerebral 

histopathological changes; CM2 cases had sequestration of iRBCs with cerebral 
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histopathological changes such as ring haemorrhages, cerebral microthrombi and 

extra-erythrocytic pigment; and CM3 cases presented with clinical CM however 

there was limited evidence of cerebral sequestration, and an alternative cause of 

death was identified. Non-CM parasitaemic cases included in the study consisted 

of severe malarial anaemia (SMA) and incidental parasitaemia cases where malaria 

was not the primary cause of death. Non-malarial controls (P. falciparum 

negative) included patients presenting with coma attributed to non-malarial 

causes such as bacterial meningitis (Milner et al., 2014).   

 

The post-mortem cohort study was approved by the institutional review boards at 

the University of Malawi College of Medicine, Michigan State University, and the 

Harvard School of Public Health (Taylor et al., 2004, Milner et al., 2013b, Milner 

et al., 2014).  

2.1.2 Selection of Samples 

For this thesis, spleen, bone marrow (BM), and lung (right lung) tissues were used. 

From the initial 103 post-mortem cases, the following exclusion criteria were 

applied: HIV positivity, a high PMI of greater than 12 hours and a lack of a 

determined diagnosis prior to death. HIV cases were removed due to the known 

impacts of the infection on organ structure, cellular composition, function, and 

on parasite accumulation (Delacrétaz et al., 1987, Khalil et al., 1996, Flateau et 

al., 2011, Williams et al., 2016, Joice et al., 2016, Heller et al., 2023). Cases with 

a high PMI were removed due to poor structural preservation and 

immunohistochemistry (IHC) staining in cases with a PMI exceeding 12 hours (Joice 

et al., 2014). Indetermined diagnoses are cases where a clinical diagnosis was not 

made prior to death. Due to the lack of a clinical diagnosis during life, these cases 

were excluded. Case selection was further refined based on the availability of 

matched BM FFPE blocks in the Glasgow repository. Finally, cases that were 

previously utilised by Joice et al. and De Niz et al. (Figure 3-4) were prioritised 

(Joice et al., 2014, De Niz et al., 2018). Selection of post-mortem cases is 

described in detail in Section 3.2.  
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2.2 Basic Histology and Mouse Work 

2.2.1 P. berghei Infections 

TO mice were infected with P. berghei to achieve a parasitaemia of ~4%. Mice 

were culled on day 4-7 post infection; spleen and leg bones (femurs and tibias) 

were harvested. In addition, tissues were collected from naïve TO mice as a 

negative control. Harvested tissues were submerged in 10% NBF for a maximum of 

24 hours before being transferred to 70% ethanol. Spleen tissue was processed 

using a standard tissue processing protocol (Section 2.2.2). The processing of 

bones followed a bone specific tissue processing protocol (Section 2.2.3). Due to 

the mineralisation of bones, decalcification was required which was executed 

either before or after tissue processing (Section 2.2.4).  

2.2.2 Standard Tissue Processing and Embedding 

Tissue processing was performed using the Expredia Excelsior AS tissue processor. 

For the standard tissue processing procedure, tissues initially underwent four 

consecutive 30 minute incubations in a series of alcohol (70%, 90%, 95% and 100%) 

at 37oC. Following these incubations, tissues were incubated in 100% alcohol twice 

for 45 minutes for each incubation. Tissues were then incubated in xylene for an 

initial 15 minutes followed by two incubations for 30 minutes each. After xylene 

incubations, tissues were submerged in wax for 30 minutes, then two subsequent 

1 hour incubations at 65oC. Tissues were usually processed overnight and therefore 

held in 70% alcohol until start time.  

 

After tissue processing, tissues were positioned as desired and embedded in 

paraffin wax. Wax was allowed to solidify on a cold plate for between 30 minutes 

to 1 hour. 

2.2.3 BM Tissue Processing and Reverse Processing 

Tissue processing was performed using the Expredia Excelsior AS tissue processor. 

For tissue processing BM, tissues initially underwent three consecutive 1 hour 

incubations in 70%, 90% and 95% alcohol at 37oC. Tissues were subsequently 

incubated in 100% alcohol for 30 minutes, 1 hour, and 1.5 hours at the same 

temperature. Following this, tissues underwent three 1 hour xylene incubations. 

Tissues were then submerged in wax three times at 65oC for 1 hour, 2 hours, and 
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3 hours. This process was run overnight with tissues held in 70% alcohol to delay 

start time.  

 

After tissue processing, bones were positioned to allow transverse sections to be 

made. This was done by pouring a small volume of paraffin wax into a cassette, 

positioning the bone with tweezers, and then fully embedding the bone in paraffin 

wax in that position. Blocks were then allowed to solidify on a cold plate for 

between 30 minutes to 1 hour.  

 

To reverse process FFPE bone blocks, blocks were melted for 10-15 minutes, or 

until all wax had melted, and individual bones were blotted with blue roll to 

remove excess wax. Bones were then slowly reverse processed by submerging in 

xylene in a sealed container incubated at room temperature for 1 hour on a rocker. 

Following xylene incubation, bones were submerged in a series of alcohol baths 

(100%, 90%, 70%) undergoing two consecutive 30 minute incubations at room 

temperature on a rocker for each concentration. Finally, bones were rinsed twice 

in nuclease free water.  

2.2.4 BM Decalcification 

To preserve mRNA integrity, a gentle decalcification protocol was utilised using 

10% ethylene-diamine-tetraacetic acid (EDTA) in RNAlater (Belluoccio et al., 

2013). RNAlater/EDTA solution was prepared by adding 3 g of EDTA to 30 mL of 

RNAlater Stabilisation Solution (InvitrogenTM, cat# AM7021). The pH was adjusted 

to pH 8.8 to dissolve EDTA. Once EDTA was dissolved, the pH was adjusted to pH 

5.2 for decalcification. Tissues were incubated on a shaker for 24 hours at 4oC. 

The decalcification solution was replaced every 24 hours until two consecutive 

calcium tests were negative (Belluoccio et al., 2013).  

 

To test the progress of decalcification, two methods were used. Firstly, a physical 

test was performed where tissue was removed from the RNAlater/EDTA solution, 

and the rigidity was tested by gently bending the tissue by hand. Second, calcium 

levels were tested using 5% ammonium hydroxide and 5% ammonium oxalate. 

Equal volumes of the used decalcification solution, 5% ammonium hydroxide and 

5% ammonium oxalate were combined in a falcon tube and mixed by inversion. 

The solution was allowed to stand at room temperature overnight to check for 
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precipitation of calcium oxalate. Decalcification was complete when two 

consecutive calcium tests were negative (IHC-World, 2022).  

 

Decalcification times varied between tissues. To accurately determine 

decalcification endpoint, it was important to decalcify tissues separately.  

2.2.5 Haematoxylin and Eosin (H&E) Staining 

FFPE tissues were sectioned at 3-5 microns and mounted on SuperFrost PlusTM 

Adhesion Slides (Fisher Scientific, 1014870). Sections were dried overnight at room 

temperature. These sections were then baked in a histology oven at 60oC for 35 

minutes and then deparaffinised by immersion in xylene for 3 minutes twice. 

Tissues were hydrated through a series of alcohol baths (100%, 90%, 70%) and 

rinsed in deionised water (twice for 3 minutes each). Slides were stained with the 

nuclear stain Harris haematoxylin for 2.5 minutes before rinsing in running tap 

water. They were then dipped in 1% acid/alcohol twice, rinsed in running tap 

water, and incubated in Scott’s Tap Water Substitute for 30 seconds, before 

rinsing again in running tap water. Sections were dipped in 70% alcohol 10 times 

and then incubated in 1% alcoholic eosin for 2.5 minutes. Sections were then 

dehydrated by incubating in 90% alcohol (2x30 seconds), 100% alcohol (2x3 

minutes) and xylene (2x3 minutes). Finally, coverslips were mounted using 

dibutylphthalate polystyrene xylene (DPX) mountant and allowed to dry in the 

fume hood. 

2.2.6 Giemsa Staining 

FFPE tissues were sectioned at 2-3 microns and mounted on SuperFrost PlusTM 

Adhesion Slides (Fisher Scientific, 1014870) and dried overnight at room 

temperature. Sections were baked at 60oC for 1 hour before deparaffinisation in 

xylene for 2x3 minutes. Tissue was then hydrated by dipping slides in a series of 

alcohol baths (100%, 90%, 70%) and final submersion in deionised water. Slides 

were laid on a rack and flooded with 100% filtered Giemsa stain and incubated for 

1 minute. After 1 minute, flooded Giemsa stain was diluted 5 times by addition of 

tap water using a Pasteur pipette. Slides with diluted Giemsa were incubated for 

a further 10 minutes. After this incubation, the stain was differentiated in 1% 

acetic acid (by dipping 2-3 times) and then immediately rehydrated through 

briefly dipping in 100% alcohol twice and submersion in xylene. Coverslips were 

mounted using DPX mountant and allowed to dry in the fume hood. 
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For parasite quantification using Giemsa-stained sections, tissues were analysed 

on an Olympus BX43 microscope with an Olympus DP22 camera. For each splenic 

tissue, 10 high powered fields (HPF) were examined in each splenic compartment 

(red pulp (RP) cords, RP sinus lumen, perifollicular zone, and non-circulatory 

spaces) at 1000x magnification. Red blood cells (RBCs) and iRBCs were counted in 

each region; iRBCs were classified by their developmental stages (rings/early 

trophozoites, trophozoites, schizonts, gametocytes, or unclassifiable). 

Quantification required assessment of various Z-planes with fine focus. 

Parasitaemia in each splenic compartment, and overall, was calculated as a 

percentage of iRBCs over total RBCs in the given area:  

 

Parasitaemia (%) =  

(total iRBC counts for 10 HPF/total RBC counts for 10 HPF) x 100 

 

 

2.2.7 Periodic Acid Schiff (PAS) Staining 

FFPE tissues were sectioned at 2-3 microns and mounted on SuperFrost PlusTM 

Adhesion Slides (Fisher Scientific, 1014870) which were dried overnight at room 

temperature. Sections were baked at 60oC for 35 minutes before deparaffinising 

in xylene and hydrating in an alcohol series (100%, 90%, 70%) to deionised water 

(2x 3 minutes each). Sections were then oxidised by submerging in 0.5% periodic 

acid solution for 5 minutes. To wash, sections were briefly washed in deionised 

water and then submerged in Schiff reagent for 15 minutes. Haematoxylin was 

used to counterstain sections for 1 minute with excess stain washed in running tap 

water for 5 minutes. Sections were then dehydrated in an alcohol series (90%, 

100%) to xylene (2x3 minutes for each alcohol and xylene incubation) and coverslip 

mounted using DPX mountant.  

2.2.8 Histopathology Scoring 

Histopathology scoring of H&E stained tissues (Section 2.2.5) was performed by a 

comparative pathologist based on the International Council for Standardisation in 

Haematology guidelines. The pathologist was blinded to patient details and 

clinical information. The scoring criteria was modified to include additional 

parameters of interest such as the presence of iRBCs, pigmentation, 
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extramedullary haematopoiesis, and immature RBC counts. Scoring criteria can be 

found Appendix 1. Each parameter was qualitatively scored between 0 and 4 

where 0 denoted a feature that was not present and 4 denotated a marked 

appearance of that feature (Table 2-1). Binary parameters such as the presence 

of iRBCs (i.e., yes/no) were marked by 1/Y for the presence of that parameter or 

2/N for the absence of that parameter. Relative lesion burden in the spleen was 

scored between 0 and 5 where 0 denoted no lesions and 5 denoted extensive 

lesions that occupied most of the spleen section (Table 2-1).  

 

 

 

Table 2-1. Histopathology scoring. 

 

 

 

2.3 IHC and RNAscope 

2.3.1 IHC 

IHC was performed using the Impress® Polymer detection system (Vector 

Laboratories). FFPE blocks were sectioned at 3 microns, mounted on SuperFrost 

PlusTM Adhesion Slides (Fisher Scientific, 1014870), and allowed to dry overnight. 

Slides were baked in a histology oven at 60oC for at least 35 minutes. Sections 

were then deparaffinised and hydrated through xylene and a graded alcohol series 

(100%, 90%, 70%) to deionised water with each step repeated twice for a duration 

of 3 minutes each. Endogenous enzyme activity was quenched using BLOXALL® 

(Vector Laboratories, SP-6000-100) for 10 minutes at room temperature before 
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washing slides in Tris buffered saline 0.05% tween (TBST) for 3 minutes. Antigen 

retrieval was performed according to optimised conditions for the given antibody 

(Table 2-2, Section 2.3.2). Slides were allowed to cool in the antigen retrieval 

solution in a container surrounded by running tap water. Sections were then 

washed in deionised water followed by TBST each for 3 minutes. Non-specific 

binding was blocked with 2.5% normal horse blocking serum (Vector Laboratories, 

S-2012-50) together with 2.5% species specific serum. The choice of species-

specific serum was dependent on the host of the tissue; for example, human serum 

(ThermoFisher Scientific, 31876) was used for all sections derived from human 

tissues. Blocking was performed at room temperature for 1 hour. After blocking, 

primary antibodies or the isotype control was added to tissue sections at the 

optimised concentration (Table 2-2) and incubated overnight in a humidified 

chamber at 4oC.  

 

On day 2, slides were brought to room temperature and then washed for 3 minutes 

in TBST. An Immpress polymer detection kit specific to the species for which the 

primary antibody was raised, and specific for the desired substrate to be used, 

was added to sections, and incubated for 30 minutes at room temperature (Table 

2-2). Slides were then washed for 3 minutes in TBST before incubating with the 

desired substrate for the optimised time. For improved staining with Vector Red 

(Vector Laboratories, SK-5105), Vector Blue (Vector Laboratories, SK-5300) and 

BCIP/NBT (Vector Laboratories, SK-5400) substrates, substrate incubation was 

performed protected from light.  Slides were washed twice for 3-5 minutes in 

TBST. For double staining protocols, washing was immediately followed by antigen 

retrieval performed according to optimised conditions for the given antibody 

(Table 2-2). The same procedures were followed as before where slides were 

washed in deionised water, TBST and then blocked for 1 hour at room temperature 

before incubating the primary antibody at 4oC overnight.  

 

As described before, slides were brought to room temperature, washed for 3 

minutes in TBST before incubating with the specific polymer detection kit for that 

antibody for 30 minutes. Slides were then washed for 3 minutes in TBST. The 

desired substrate for that specific antibody was added to section and incubated 

for the optimised time (Table 2-2). Slides were then washed for 3 minutes in TBST 

followed by a 3 minute wash in deionised water. Counterstaining was performed 
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by dipping slides in Harris haematoxylin twice and washing in running tap water. 

Slides were then alcohol dehydrated as previously described to xylene or Histo-

Clear® (GeneFlow, A2-0101) depending on the substrate used. Coverslips were 

mounted using DPX or VectaMount® Mounting Medium (Vector Laboratories, H-

5000).  

 

The following double IHC combinations were performed: CD31/HSP70 (spleen, BM, 

lung), CD68/HSP70 (spleen), CD31/CD71 (lung), CD71/HSP70 (spleen, BM), 

MSRP1/Pfs16 (spleen, BM). Most IHC experiments described in this thesis involved 

double staining, as described above, except for HSP70 IHC experiments in P. 

berghei decalcification experiments (Section 3.3.2). For single staining, after the 

substrate was applied, slides were washed in TBST followed by deionised water 

for 3 minutes each, counter stained, alcohol dehydrated and mounted as 

described at the end of the double staining protocol.  

 

 

 

Table 2-2. IHC conditions. 

*HRP Horse Anti-Rabbit IgG Immpress polymer detection kit and DAB substrate was used for 
CD31/HSP70 stains. For CD31/CD71 staining in the lung, the AP Horse Anti-Rabbit IgG Immpress 
polymer detection kit and BCIP/NBT substrate was used.  
Abbreviations: EDTA, ethylene-diamine-tetracetic acid; HRP, horseradish peroxidase; AP, alkaline 
phosphatase; DAB, 3,3-diaminobenzidine; BCIP/NBT, 5-bromo-4-chloro-3-indolyl 
phosphate/nitroblue tetrazolium; DPX, dibutylphthalate polystyrene xylene.  
 

 

 

2.3.2 Antigen Retrieval Method and Materials 

Two methodologies were used for IHC antigen retrieval: microwave and pressure 

cooker/benchtop autoclave. For antigen retrieval performed by microwave 

(1000W), slides were immersed in the given antigen retrieval solution and 

microwaved on full power until the antigen retrieval solution began to boil. At this 

point, the power of the microwave was reduced to 20% for 10 minutes. After this 

10 minute incubation, the container with the antigen retrieval solution and slides 
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was cooled down by placing within a dish containing running tap water. The IHC 

protocol was followed from this point as described in Section 2.3.1. 

 

For antigen retrieval performed by pressure cooker/benchtop autoclave, slides 

were immersed in the given antigen retrieval solution and placed in a benchtop 

autoclave (Prestige Medical Classic 2100). The pressure cooker was allowed to 

reach pressure at which point the pressure cooker was turned off and slides were 

incubated within for 10 minutes. After this 10 minute incubation, slides were 

removed from the benchtop autoclave and cooled down as before described. The 

IHC protocol was followed from this point as described in Section 2.3.1. 

 

Three antigen retrieval solutions were used: pH 6 citrate, pH 8.5 Tris EDTA and 

pH 9 Tris EDTA. pH 6 citrate buffer (1X) was made using pH 6 citrate antigen 

retrieval buffer (10X) (TCS Biosciences Ltd, HDS05-100). Tris-EDTA based antigen 

retrieval buffers were made with 10 mM Tris base and 1 mM EDTA solution. The 

pH of the buffer was adjusted to either pH 9 or pH 8.5 once Tris and EDTA had 

dissolved.  For pH 9 Tris EDTA antigen retrieval buffer, Tween 20 was also added 

at 0.05%.  

2.3.3 IHC Controls 

To assess antibody specificity for each parasite stage, FFPE blocks of blood clots 

containing asexual, sexual, and sexually committed parasites from in vitro 

cultured P. falciparum were generated. Parasites were grown between 2-5% 

parasitaemia at 5% haematocrit (500 µL packed cell volume (PCV)). To generate 

blood clots, parasite cultures were centrifuged at 1600 rpm for 5 minutes in a 50 

mL falcon tube and the supernatant was removed. To 500 µL PCV, 150 µL of foetal 

bovine plasma and 150 µL of thrombin was added in a dropwise manner and mixed 

by gently swirling. The falcon tube was then placed at an angle (approximately 

45o) to allow the solution to form a “puddle” in the bottom cone of the falcon 

tube. The pellet was allowed to rest at room temperature for 30-60 minutes until 

the pellet had agglutinated. Using a 2 mL glass pipette, the blood clot was 

transferred to clean lens paper. The blood clot was folded within the lens paper 

to form a small square which was placed into a histology cassette (Joice et al., 

2014). Cassettes were transferred to 10% NBF for 18-24 hours. After fixation, blood 

clots were processed as standard (Section 2.2.2). Specific details for the 
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generation of sexually committed and gametocyte blood clot FFPE blocks are 

found in Section 2.4.6. In addition to parasite blood clot controls, tissue controls 

were used as detailed in Table 2-3. For every tissue section, an isotype control 

(non-immune antibody of the same class or subclass of the primary antibody used) 

was included to identify any non-specific interactions.  

 

 

 

Table 2-3. IHC controls. 

 
 

 

 

2.3.4 Parasite Quantification and Calculations 

Sections were analysed on an Olympus BX43 microscope with an Olympus DP22 

camera. An initial evaluation of staining quality was made at 400x magnification. 

For IHC based parasite quantification in tissue samples from the Malawi cohort, 

10 HPF were examined per tissue compartment at 1000x magnification. For 

MSRP1/Pfs16 counts in the BM, 25 HPF per compartment was quantified. RBC 

counts for splenic compartments were derived from the corresponding Giemsa-

stained section. For BM and lung tissues without a corresponding Giemsa-stained 

tissue section, RBC counts were made based on their appearance on IHC stained 

sections. Quantification required assessment of various Z-planes with fine focus.  

 

2.3.4.1 Tissue Parasitaemia  

Parasitaemia in each splenic compartment, and overall, was calculated as a 

percentage of iRBCs over total RBCs in the given area:  

Parasitaemia (%) = 

 (total iRBC counts for total HPF/total RBC counts for total HPF) x 100 
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Total organ parasitaemia was calculated based on the total iRBCs and total RBCs 

counts in all HPF counted for that organ. For BM and lungs, the total organ 

parasitaemia excluded large vessels from this calculation.  

 

This same calculation was used to determine the reticulocytaemia of the spleen 

and large vessels of the lung. Here, CD71+ (reticulocyte) counts replaced iRBCs in 

the equation above.  

 

2.3.4.2 Organ Biomass 

The biomass in peripheral blood, spleen, BM, and lung was determined. Organ 

biomass calculation was based on Obaldia et al. 2018 and Kho et al. 2021 (Obaldia 

et al., 2018, Kho et al., 2021a).  

 

To determine the parasite biomass in peripheral blood, the number of iRBCs per 

µL of blood and the total body blood volume (BV) was required. The total body BV 

was determined based on the relationship between total BV and body weight 

(Howie, 2011, Koperska, 2023). For parasite biomass in peripheral blood, the last 

parasitaemia reading prior to death was used. 

 

Parasite biomass in peripheral blood = 

(iRBCs per µL peripheral blood x total body BV) x 106 

 

 

To determine spleen parasite biomass, the following parameters were required: 

iRBC count per HPF, splenic weight, number of HPF analysed per tissue, the spleen 

volume per HPF, and the spleen density where the density of human paediatric 

spleen is 1.06 g/cm3 (ICRP, 2020). Spleen weight was measured at post-mortem; 

the mean spleen weight for the cohort was 94 g.  

 

To calculate the spleen volume per HPF, the area of a HPF (area = πr2) needs to 

be determined. The radius of a HPF at 1000x magnification on the Olympus BX43 

was measured at 0.11 mm. Section depth of tissues was 0.003 mm.  
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i) Spleen volume per HPF (cm3) = 

(area of HPF (mm2) x section depth (mm)) / 1000 

 

 

ii) Total spleen parasite biomass =  

(iRBC count in HPFs x spleen weight (g)) /  

(spleen volume per HPF (cm3) (i) x number of HPF x spleen density (g/cm3)) 

 

 

Here, the total number of HPF was taken for the whole tissue. Each splenic 

compartment (cords, sinus lumen, perifollicular zone, and non-circulatory spaces) 

had 10 HPF evaluated. Since the perifollicular zone was not evaluated in IHC 

stained spleen sections, counts from this compartment were removed to calculate 

the mean count in HPF between the two methods (Giemsa and IHC). The number 

of HPF evaluated in the spleen was therefore 30.  

 

The parasite biomass in the BM was calculated like the spleen biomass (ii). Here, 

the BM weight was calculated based on the assumption that the BM constitutes 4% 

of the total body weight. The mean weight of the cohort was 9.75 kg; therefore, 

based on the before mentioned assumption, the BM weight used here was 390 g. 

The density of the BM was calculated using the volume (cm3) and mass (g) of active 

marrow. These values alter with age; therefore the density was determined for 

each case and the mean density of 1.03 g/cm3 was determined for the cohort 

(ICRP, 2020).  

 

iii) BM density (g/cm3) =  

mass (g) / volume (cm3) 

 

 

iv) Total BM parasite biomass =  

(iRBC count in HPFs x BM weight (g)) /  

(BM volume per HPF (cm3) (i) x number of HPF x BM density (g/cm3) (iii)) 
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For BM calculations, two compartments (parenchyma and small vessels) were 

counted and therefore the number of HPF was 20.  

 

The parasite biomass in the lung was calculated in the same way as the spleen and 

BM biomass (ii and iv). The density of lung tissue varies with age; therefore the 

density was determined for each case and the mean density of 0.45 g/cm3 was 

determined for the cohort (ICRP, 2020). The right lung mean weight for the cohort 

was 72.8 g.  

 

 

iv) Total lung parasite biomass =  

(iRBC count in HPFs x lung weight (g)) /  

(lung volume per HPF (cm3) (i) x number of HPF x lung density (g/cm3) (iii)) 

 

 

For lung calculations, two compartments (parenchyma and small vessels) were 

counted and therefore the total number of HPF was 20.  

 

2.3.4.3 Splenic Retention Rate 

To calculate the parasite retention rate, the following values were required: the 

spleen weight, body weight, the total body BV, the total splenic BV, splenic 

parasitaemia and peripheral blood parasitaemia. Splenic BV was determined based 

on ex vivo flushing experiments revealing a splenic BV of 15 mL/100 g of tissue 

(Kho et al., 2021a). 

 

To determine the parasite retention rate, the splenic input parasitaemia must be 

established based on the ratio of total BV to splenic BV (v).  

 

v) Ratio of total blood volume to splenic blood volume =  

total body BV (mL)/ total splenic BV (mL) 
 

 

Using this ratio, the splenic input parasitaemia can be determined. For this 

calculation, the mean splenic parasitaemia of the cohort was used which was 

1.82% excluding patients who had received a blood transfusion during 

hospitalisation. With the mean splenic parasitaemia and the ratio of total blood 
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to splenic blood volume (v), the input splenic parasitaemia can be determined. 

This is the input splenic parasitaemia we would expect to generate the total 

splenic parasitaemia observed (Section 2.4.2). 

 
vi) Splenic input parasitaemia (%) =  

mean splenic parasitaemia (%)/ ratio of total BV to splenic BV (v)  
 

 

With the splenic input parasitaemia determined, the proportion of peripheral 

parasitaemia retained in the spleen (i.e., the retention rate) can be determined. 

Here, peripheral parasitaemia was determined using the parasitaemia determined 

in the large vessels of the lung independent of classical vascular sequestration 

(Section 2.3.4.1).  

 

iii) Retention rate (%) =  

(splenic input parasitaemia (%) (vi) / peripheral parasitaemia (%)) x 100 

 

 

2.3.5 RNAscope: Mm-PolR2A RNAscope  

All reagents used for RNAscope were sourced from Advanced Cell Diagnostics 

(ACD). For RNAscope, sections were cut no more than 24 hours prior to the 

experiment. Sections were baked in a histology oven at 60oC for 1 hour. Slides 

were then submerged in xylene twice for 5 minutes each before submerging in 

100% ethanol twice for 1 minute each. Using an empty staining bin, slides were 

allowed to dry at room temperature before proceeding with the next step. 

Endogenous enzyme activity was blocked using RNAscope® hydrogen peroxide 

(ACD, 32235) for 10 minutes at room temperature and then washed in nuclease 

free water 3-5 times. In a steamer, slides were briefly dipped in a staining bin 

containing nuclease free water for approximately 10 seconds to acclimate them 

before conducting antigen retrieval (1X Target Retrieval, ACD, 322000) at 94 oC to 

100oC for the duration specific to the tissue type (Table 2-4). After antigen 

retrieval, slides were briefly washed in nuclease free water 3-5 times, allowed to 

dry, and then submerged in 100% ethanol 3-5 times before airdrying again.  
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Samples were permeabilised with RNAscope® Protease Plus (ACD, 322331) at 40oC 

in a HybEZTM oven for the required duration of time depending on the tissue (Table 

2-4). Protease plus was discarded into a waste container and slides were washed 

briefly in nuclease free water twice. Slides were incubated with RNAscope probes 

for 2 hours at 40oC in the HybEZ oven. For RNAscope in mouse bones (Section 

3.3.3), the Mm-PolR2A (ACD, 312471) positive control probe and the 

dihydrodipicolinate reductase, dapb (ACD, 310043), negative control probe was 

used.  

 

Following hybridisation with probes, excess liquid was discarded into a waste 

container and slides were washed twice in RNAscope® 1x Wash Buffer (ACD, 

310091) for 2 minutes each at room temperature. After washing, a series of 

amplification steps were performed. Amplification was performed at 40oC in the 

HybEZ oven for Amp1 (30 minutes), Amp2 (15 minutes), Amp3 (30 minutes) and 

Amp4 (15 minutes). The remaining two amplification steps were performed at 

room temperature (Amp5 (45 minutes) and Amp6 (15 minutes)) (ACD, 322360). 

Between each amplification step, slides were washed twice in RNAscope 1x Wash 

Buffer for 2 minutes each. After amplification, signal was detected using 

RNAscope Fast Red (1 volume of Red-B to 60 volumes of Red-A reagent) (ACD, 

322360) which was incubated on sections for 10 minutes at room temperature 

protected from light. After 10 minutes, stain was discarded, and slides were 

washed in nuclease free water 3-5 times. Slides were counterstained in 50% 

haematoxylin for 2 minutes at room temperature and then washed in running tap 

water. They were then immersed in Scott’s Tap Water Substitute for 10 seconds 

and washed again in running tap water. Slides were then dried at 60oC in a 

histology oven before dipping slides in xylene and coverslip mounting with 

EcoMount (Biocare, EM897L). Stained sections were qualitatively scored using the 

ACD scoring system (Table 2-5).  
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Table 2-4. RNAscope conditions.  

 

 

 
Table 2-5. ACD qualitative scoring criteria. 

 
 

 

 

2.3.6 Statistics  

Analysis for Giemsa, IHC and RNAscope was performed using GraphPad Prism (v. 

10.0.3) (GraphPad, California). Counting and imaging was performed on an 

Olympus BX43 microscope with an Olympus DP22 digital camera. Minor 

adjustments were applied to the brightness of some images, ensuring that no 

original features were altered in the process. The Mann-Whitney test was applied 

for between group comparisons. The Wilcoxon matched pairs signed rank test was 

used to compare paired datasets. For multiple comparisons, the Friedman test 

was used for matched pairs comparisons and the Kruskal-Wallis test was used for 

non-matched comparisons. To assess pairwise differences, post-hoc Dunn’s test 

was performed.  
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2.4 Plasmodium Culture 

2.4.1 Parasite Strains 

Two P. falciparum strains were used in this thesis: Pf2004/164tdt (Pf2004) and 

Dd2 WT (Dd2). Throughout this thesis, Pf2004/164tdt is referred to as Pf2004 and 

Dd2 WT as Dd2. This strain was previously transfected with the reporter plasmid 

164tdTomato under the control of the gametocyte specific promoter, 

PF3D7_1016900 (Brancucci et al., 2015). These two culture-adapted strains 

originated from geographically distant locations which differ in transmission 

intensity.  Pf2004 originated from West Africa, where transmission is high, and 

Dd2 from Southeast Asia, where transmission is low (Elliot, 2007, Hommel et al., 

2010, Wellems et al., 1990). These different transmission settings may promote 

strains which differ in their investments in reproduction, or sexual commitment, 

and therefore, could provide insights into different sexual commitment 

transcriptional signatures (Abdi et al., 2023).  

2.4.2 Thawing and Freezing Parasite Stocks 

To thaw frozen parasite stocks from liquid nitrogen, cryovials were retrieved and 

brought to room temperature. The total volume was measured, usually 

approximately 1 mL, and transferred to a 50 mL falcon tube. To this, 0.1 volumes 

of 12% sodium chloride (NaCl) was added in a dropwise manner whilst gently 

shaking the falcon tube. Falcon tubes were left to stand at room temperature for 

2 minutes. After this incubation, 10 volumes of 1.6% NaCl was added in a dropwise 

manner whilst gently shaking. The resulting solution was centrifuged at 1600 rpm 

for 4 minutes before discarding the supernatant. Parasites were washed in 10x 

volume of incomplete Roswell Park Memorial Institute (RPMI) medium 1640 with 

additives L-glutamine and 25 mM HEPES (Gibco, 22400089) supplemented with 5 

mM hypoxanthine and 1 mg/mL gentamycin. Parasites were centrifuged at 1600 

rpm for 4 minutes before discarding the supernatant. Finally, the remaining pellet 

was resuspended in complete RPMI (incomplete RPMI as described above with 10% 

human serum (Interstate Blood Bank, Inc)) at 5% haematocrit using washed O-

positive blood. Parasites were maintained in culture as described in Section 2.4.3. 

 

Aliquots of parasite cultures were frozen shortly after thawing once the parasite 

culture had reached at least 3% ring parasitaemia. To freeze parasites, parasite 
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cultures were transferred to an appropriately sized falcon tube and centrifuged 

at 1600 rpm for 3 minutes to remove media. To the cell pellet, 1.2 volumes of 

human serum was added in a dropwise manner whilst gently shaking the falcon 

tube. Drop by drop, 2 volumes of freezing solution (sorbitol-glycerolyte freezing 

solution) were added while gently shaking the falcon tube. From the resulting 

solution, 1 mL was then transferred to a labelled sterile cryovial and stored in 

liquid nitrogen.   

2.4.3 In vitro Culture Maintenance 

Asexual parasites were routinely cultured according to protocols described in 

Lambros and Vanderberg, 1979 & Trager and Jensen, 1976 (Trager and Jensen, 

1976, Lambros and Vanderberg, 1979). Parasites were grown in complete medium 

composed of RPMI 1640 with L-Glutamine, 25 mM HEPES, 5 mM hypoxanthine and 

1 mg/mL gentamycin, supplemented with 10% O-positive human serum (Interstate 

Blood Bank, Inc). Parasites were typically grown at 5% haematocrit, unless stated 

otherwise, and maintained at 0.5-5% parasitaemia in petri dishes. For Pf2004 

cultures, addition of 4 nM WR99210 (Jacobus Pharmaceutical) was required to 

select for stable maintenance of episomes. Petri dishes were placed in a 

modulator incubator chamber which was gassed using a mixture containing 1% O2, 

5% CO2 and 94% N2 and incubated at 37oC. Parasitaemia was determined by blood 

smear and light microscopy. RBCs used in routine culture were obtained from O-

positive blood which were washed twice in incomplete RPMI before use. Washed 

RBCs were then stored at 4oC and replaced weekly.  To maintain parasite cultures, 

media was changed daily and parasitaemia was counted every 48 hours following 

reinvasion. Parasite cultures were diluted depending on parasitaemia and parasite 

multiplication rate (PMR).  

2.4.4 Parasite Synchronisation 

To synchronise parasites, sorbitol synchronisation was performed as outlined by 

(Lambros and Vanderberg, 1979). This allows ring stage parasites to be selected 

for while trophozoites and schizonts are permeabilised and thus removed. The 

first sorbitol synchronisation was performed on cultures containing predominantly 

ring stage parasites at approximately 10-12 hours post invasion (hpi). Parasite 

cultures were transferred to an appropriately sized falcon tube and centrifuged 

at 1600 rpm for 3 minutes before aspirating media. The remaining cell pellet was 

resuspended in 10 volumes of pre-warmed 5% sorbitol and incubated at 37oC for 
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10 minutes. After incubation, parasites were centrifuged again at 1600 rpm for 3 

minutes to remove sorbitol. The cell pellet was washed in incomplete RPMI to 

remove any remaining sorbitol. To confirm successful enrichment of ring stages, 

blood smears can be made to check parasitaemia and staging. Parasites were then 

resuspended in complete media at 5% haematocrit, placed in a modular incubator 

chamber, gassed, and returned to 37oC. Sorbitol synchronisation was repeated 16 

hours after the first sorbitol synchronisation.  

 

To create a tighter window of synchronicity, the double sorbitol synchronisation 

described above can be repeated approximately 32 hours after the second sorbitol 

when parasites have reinvaded.  

2.4.5 Parasite Induction (Sexual Conversion Assay) 

The sexual conversion assay for controlled in vitro stage conversion was adapted 

from Brancucci et al. 2018 (Brancucci et al., 2018). This assay utilised the 

depletion of the serum phospholipid lysophosphatidylcholine (LysoPC) in minimal 

fatty acid (mFA) media to induce sexual commitment and conversion (Brancucci 

et al., 2017). mFA was generated by supplementing incomplete RPMI with 0.39% 

fatty acid-free bovine serum albumin (BSA), 30 µM oleic acid, and 30 µM palmitic 

acid. Prior to parasite induction, cultures were synchronised with four sorbitol 

treatments as described in Section 2.4.4. At 26/28 hpi, parasites were grown in 

mFA media at 2.5% haematocrit and 0.5% parasitaemia for 20-22 hours before 

returning to complete (serum) media (day 0). Starting parasitaemia was measured 

by flow cytometry using SybrGreen staining (1/5000). Cultures were maintained 

as described in Section 2.4.3 until the end of the experiment.  

 

Two days after the sexual conversion assay was initiated, reinvasion parasitaemia 

was measured by flow cytometry using SybrGreen staining. This allowed the 

calculation of the PMR. The PMR was calculated by dividing parasitaemia measured 

on day 2 by the starting parasitaemia measured on day 0:  

PMR = 

= parasitaemiad0/reinvasion parasitaemiad2 
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To block further reinvasion, heparin was added to cultures at 0.23 mg/mL for 2 

consecutive days. On day 6 at stage III gametocytes, gametocytaemia was 

measured by flow cytometry using SybrGreen and Tubulin TrackerTM Deep Red 

(Invitrogen, T34077) to stain gametocytes. Conversion rate was calculated by 

diving gametocytaemia with the reinvasion parasitaemia measured on day 2 

multiplied by 100:  

Conversion Rate (%) =  

(gametocytaemiad6/parasitaemiad2) x 100 

 

 

Flow cytometry was performed on the MACSQuant VYB flow cytometer (Miltenyi 

Biotec), and data analysed using FlowJo software (v. 10.7.2).  

2.4.6 Sexually Committed and Gametocyte FFPE Blocks 

To assess antibody specificity of anti-MSRP1 and anti-Pfs16 antibodies, sexually 

committed schizonts and gametocyte FFPE blocks were generated from in vitro 

cultured P. falciparum. Here, the sexual conversion assay described in Section 

2.4.5 was modified. Synchronised Pf2004 parasites were grown at 2-5% 

parasitaemia and 5% haematocrit in 2 mL PCV. At 26/28 hpi, the 2 mL PCV was 

divided into four, to establish two mFA plates and two complete (serum) media 

plates. To measure PMR and conversion rate, an additional 96 well plate was 

prepared to run in parallel. At 44-46 hpi, parasites were harvested from one mFA 

plate and one serum plate. Parasite cultures were transferred to a 50 mL falcon 

tube and centrifuged at 1600 rpm for 5 minutes. Media was removed and to each 

500 µL PCV, 150 µL of foetal bovine plasma and 150 µL of thrombin was added in 

a dropwise manner and mixed by gently swirling. The falcon tube was positioned 

as described in Section 2.3.3 and the resulting blood clot was packaged in lens 

paper and placed into a histology cassette (Joice et al., 2014). Cassettes were 

transferred to 10% NBF for 18-24 hours.  

 

After reinvasion, at 18 hpi, the remaining mFA and serum cultures were 

transferred to a 50 mL falcon and blood clots were generated as previously 

described. Gametocyte and asexual ring blood clots were packaged in lens paper 

and placed into a histology cassette which was transferred to 10% NBF. After 

fixation, blood clots were processed as standard (Section 2.2.2). 
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2.5 Single Cell RNA Sequencing (scRNAseq) 

2.5.1 Experimental Outline 

For scRNAseq, the sexual conversion assay described in Section 2.4.5 was 

modified. At 26/28 hpi, the sexual conversion assay was initiated by growing 

Pf2004 and Dd2 in either mFA or complete (serum) media. Two time points were 

taken during schizont growth and stored in the preservation medium 

Hypothermasol® FRS (STEMCELL technologies, 07935) at 4oC. Parasite strains and 

time points were pooled together according to growth medium to form two 

samples per replicate. 

2.5.2 Parasite Induction 

Pf2004 and Dd2 were synchronised in parallel to induce at the same time. Prior to 

the sexual conversion assay, synchronised P. falciparum was grown at 4-6% 

parasitaemia in 2.5% haematocrit. At 26/28 hpi, parasite cultures were 

transferred to 15 mL falcon tubes and centrifuged at 1600 rpm for 3 minutes. 

Parasites were washed twice by resuspending in mFA and centrifuging at 1600 rpm 

for 3 minutes.  Parasites were then resuspended in mFA or serum at 2.5% 

haematocrit and transferred to a 24 well plate (2 mL per well with 50 µL PCV). A 

sexual conversion assay was prepared in a 96 well plate as outlined in Section 

2.4.5 to run in parallel allowing measurement of PMR and conversion rate. 

2.5.3 Cell Harvesting  

At 16 hours post induction, blood smears were made to confirm the presence of 

early schizonts. After confirmation of early schizonts, parasite cultures from the 

24 well plate were transferred to LoBind Eppendorfs (Eppendorf, 0030108078) and 

centrifuged at 2000 rpm for 5 minutes. Supernatants were removed and pellets 

were resuspended in 1.5x Hypothermasol® FRS (STEMCELL technologies, 07935) 

and stored at 4oC. At this time point, media was changed on the 96 well induction 

plate and in the 24 well plate with the remaining time points.  

 

At 6 hours after the first time point was taken, blood smears were made to confirm 

the presence of late schizonts. Once late schizonts were confirmed, parasites 

were prepared for cold storage as before described.  
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2.5.4 Sample Preparation 

Before proceeding with sample preparation, blood smears were made to check for 

the presence of live parasites. Samples were processed in batches on ice to limit 

cell loss. Serum samples were processed first by centrifuging at 2000 rpm for 5 

minutes to remove Hypothermasol. Parasites were then washed in 5 volumes of 

cold 1xphosphate buffered saline (PBS):0.2% BSA and centrifuged at 2000 rpm for 

5 minutes. To lyse RBCs, the supernatant was aspirated, and pellets were gently 

resuspended in 5 volumes of 0.1% saponin. Parasites were incubated in 0.1% 

saponin for 2-5 minutes on ice. After saponin lysis, parasites were gently washed 

twice with cold 1xPBS:0.2% BSA at 2000 rpm for 5 minutes. At this point, parasites 

were very fragile and prone to lysis; therefore, wide pore pipette tips were used 

from this point onwards. Parasites were counted by flow cytometry (MACSQuant 

VYB flow cytometer (Miltenyi Biotec)) and by Neubauer haemocytometer. Whilst 

counting was being performed, the next batch of mFA samples were prepared as 

previously described.   

 

To calculate cell concentration from haemocytometer counts, the following 

calculation was performed: 

Cell concentration (cell/mL) =  

(number of cells counted / (number of squares counted x dilution factor)) x 

2.5x105 

 

 

After cells were counted by both methods, the mean of the two methods was 

taken and samples were diluted to 2.5x105 cells/mL in cold 1xPBS:0.2% BSA. The 

two time points and two parasite strains were pooled together per condition (i.e., 

per growth medium) generating two samples: mFA and serum. Each sample was 

counted as beforementioned immediately before loading onto the 10X Chromium 

machine by Glasgow Polyomics.  

2.5.5 10X Run and Library Preparation 

After cell preparation, approximately 1x106 cells/mL were loaded onto the 10X 

Chromium Chip which was loaded onto the 10X Chromium machine to recover 

10,000 cells per inlet. Amplification, library preparation and Illumina sequencing 

was performed by Glasgow Polyomics following the standard 10X protocol. An 
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initial sequencing depth of 30,000 reads per cell was generated before increasing 

sequencing depth to 50,000 reads per cell.    

2.6 scRNAseq Data Analysis 

Raw Illumina reads were mapped against the P. falciparum reference genome 3D7 

(PlasmoDB (v. 53)) with extended 3’ untranslated regions, or a combination of 

PfDd2 and Pf2004 (Aurrecoechea et al., 2009, Otto et al., 2018). Mapping was 

performed by Thomas Otto using 10X Genomics Cell Ranger using default settings 

(v. 7.0.0) (Zheng et al., 2017). Data analysis was performed in R (v. 4.1.0) using 

Seurat (v. 4.4.0) (Hao et al., 2021).  

2.6.1 Demuxlet and Quality Control  

The computational tool Demuxlet (v. 0.1.0) was used to assign strain identity 

(Pf2004 or Dd2) to cells which were pooled together based on genetic variation 

between the two strains. In addition, Demuxlet was used to isolate singlets 

thereby removing doublets, cells which were too ambiguous to call, and cells that 

were not annotated (Kang et al., 2018).     

 

Low quality cells and empty droplets were removed according to individual 

thresholds for each sample (Table 2-6). Cells that had greater than 1% 

mitochondrial counts and less than 100 total unique molecular identifiers (UMIs), 

i.e., transcripts, were removed. 

 

 

 

Table 2-6. Quality control thresholds. 
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2.6.2 Sample Integration, Unsupervised Clustering and Mapping to 

the Malaria Cell Atlas 

Pf2004 and Dd2 were analysed separately using the same analysis pipeline. Single 

cell transcriptomes were normalised using Scran normalisation (v.1.20.1) (Lun et 

al., 2016). The seven samples generated for each strain were integrated into 

single Seurat objects (i.e., an object for Pf2004 and an object for Dd2) using 

Harmony (Korsunsky et al., 2019). Uniform manifold approximation and projection 

(UMAP) nonlinear dimensionality reduction was performed with the first 30 

principal components of the armony corrected principal component analysis (PCA) 

and clusters were identified using a resolution of 0.2 and 0.25 for Pf2004 and Dd2. 

An additional quality control step was performed removing clusters with low UMI 

counts, clusters expressing pfs16 (PF3D7_0406200), or clusters/cells expressing 

kahrp (PF3D7_0202000) (in the cells marked as Dd2 only) as a large deletion in 

chromosome 2 has been previously described in Dd2 (Ribacke et al., 2007, Jiang 

et al., 2008). Clusters were annotated according to their correlation with cell 

stage marker genes and P. falciparum scRNAseq Malaria Cell Atlas reference which 

was mapped onto each dataset using scmap (v. 1.14.0) (Reid et al., 2018, Howick 

et al., 2019, Kiselev et al., 2018).  

2.6.3 Differential Gene Expression (DGE) Analysis 

Differential gene expression (DGE) analysis between clusters was performed using 

the FindMarkers function in the Seurat package in R. The test used was MAST which 

is designed for single cell datasets.  A threshold of 0.5 log2fold change (FC) (unless 

stated otherwise) was set and hits were deemed significant with an adjusted p 

value < 0.05.  

2.6.4 Pseudotime Trajectory Inference 

To perform pseudotime, Pf2004 and Dd2 Seurat objects were split according to 

media condition generating four Seurat objects: ‘mFA_Pf2004’, ‘mFA_Dd2’, 

‘serum_Pf2004’ and ‘serum_Dd2’. Ring clusters were removed and the resolution 

of the UMAP for each Seurat was reduced. Cluster resolution for Pf2004_mFA, 

Pf2004_serum, Dd2_mFA. Dd2_serum was reduced to 0.05, 0.08, 0.08 and 0.05 

respectively. Trajectories were determined using slingshot (v. 2.0.0) with start 

and end clusters defined according to life cycle progression (Street et al., 2018).  
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2.6.5 Data Visualisation Methods and Tools 

Plots in Chapter 5 were performed in R from the Seurat library (v. 4.0.0) including 

UMAPs, heatmaps, feature plots, violin plots and co-expression plots. Volcano 

plots were generated in R using the Enhanced Volcano library (v. 1.13.2) and bar 

plots and pseudotime expression line plots were generated using the ggplot2 

library (v. 3.4.4).  
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Chapter 3 | Using basic histological stains to 
evaluate the histopathology and parasite 
distribution in the BM and spleen 
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3.1 Introduction   

In this chapter, I began my investigations into hidden parasite reservoirs in the 

bone marrow (BM) and spleen in paediatric P. falciparum severe malaria cases 

using basic histological techniques. To phenotypically characterise these 

reservoirs, I initially investigated the histopathological changes in the BM and 

spleen in severe malaria cases and non-malarial controls. I then investigated 

parasite stage distribution across the different compartments of the spleen.  

 

3.1.1 BM and Splenic Reservoirs   

The BM and spleen represent two important parasite reservoirs which are largely 

independent of classical vascular sequestration. Through a histopathological 

survey of post-mortem tissues collected from paediatric severe P. falciparum 

malaria cases in Malawi, Joice et al. provided histological and molecular evidence 

for an enrichment of immature gametocytes in the extravascular spaces (i.e., the 

parenchyma) of the BM (Joice et al., 2014). In the same cohort, the presence of 

mature asexual stages was confirmed by immunohistochemistry (De Niz et al., 

2018).  In a separate cohort of anaemic children in Mozambique, Aguilar et al., 

similarly provided molecular evidence for the enrichment of immature 

gametocytes in the BM (Aguilar et al., 2014). This enrichment of gametocytes in 

the BM is not constricted to P. falciparum cases in sub-Saharan Africa. The 

enrichment of P. vivax gametocytes was observed in BM aspirates collected from 

a P. vivax infected patient from Brazil and in P. vivax infected non-human 

primates (Baro et al., 2017, Obaldia et al., 2018). The BM is therefore an 

important parasite reservoir for ongoing transmission.  

 

The spleen has historically been considered an organ of parasite destruction during 

malaria infection. However, in a study of 22 chronic asymptomatic malaria 

patients (12 to 46 years old) undergoing splenectomy due to splenic rupture in 

Timika, Indonesia, an accumulation of non-phagocytosed parasites of all stages of 

the life cycle were identified using Giemsa-stained tissue sections. In P. vivax 

malaria, the parasite biomass was found to be 81 times higher in the spleen 

compared to peripheral blood. In P. falciparum malaria, the parasite biomass was 

12 times higher in the spleen, therefore the accumulation of parasites in the 

spleen is more marked in P. vivax malaria than P. falciparum malaria. This 
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suggests that the spleen may represent an important reservoir for asexual 

replication outside of circulation. While this study was able to compare parasite 

densities and biomass between the spleen and peripheral circulation, it was not 

able to investigate parasite accumulation in other organs (Kho et al., 2021a, Kho 

et al., 2021b).  

 

3.1.2 Histopathology of the BM  

Despite the importance of the BM and spleen in malaria infection, few in-depth 

studies into their histopathology during infection have been performed to date. A 

common feature of BM observed during infection is a shift in the myeloid-to-

erythroid ratio (proportion of myeloid to erythroid cells) in favour of myelopoiesis. 

This is coupled with dyserythropoiesis and an increase in the presence of 

granulocytic precursors in the BM (granulocytic left shift) (Bain et al., 2019, Ghosh 

and Stumhofer, 2021). Here, a left shift in a blood cell lineage, for example, the 

granulocytic lineage, refers to the increase in immature cell types (Figure 3-1). 

Consequently, this results in an increase in BM cellularity (Bain et al., 2019). The 

most comprehensive study on the histopathology of the BM was performed in 1986 

using BM aspirates from 9 patients with cerebral malaria (CM) in Eastern Thailand 

(Wickramasinghe et al., 1987). Here, an increase in macrophages, eosinophils and 

plasma cells was observed. In addition, the presence of infected red blood cells 

(iRBCs) and pigmented macrophages was noted (Wickramasinghe et al., 1987). In 

a separate study of fatal paediatric severe malaria cases in Malawi, pigmented 

macrophages and free pigments were consistently observed across cases (Milner 

et al., 2014). 
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Figure 3-1. Granulocytic left shift. Granulopoiesis, or granulocyte cell maturation, involves the 
development of granulocytes such as neutrophils, eosinophils and basophils. A left shift in a blood 
cell lineage describes an increased presence of immature cell types in the blood or a higher 
proportion of immature cell types relative to mature cell types in the bone marrow (BM). Figure 
created with BioRender.com. 
 
 

 

3.1.3 Histopathology of the Spleen  

Compared to the BM, more studies have been performed on the histopathology of 

the spleen in the context of malaria. A hallmark of malaria infection is 

splenomegaly (enlargement of the spleen) which is often associated with 

expansion of the red pulp (RP) and white pulp (WP) (Urban et al., 2005a, Buffet 

et al., 2011, Milner et al., 2014). The most common histopathological changes 

observed as a result of blood-borne infections, including Plasmodium, is the 

disruption or disorganisation of the splenic architecture (Pongponratn et al., 1987, 

Pongponratn et al., 1989, Urban et al., 2005b, da Silva et al., 2012, Bauomy et 

al., 2014, Milner et al., 2014, Gómez-Pérez et al., 2014, Alves et al., 2015, 

Hermida et al., 2018). This includes disruption of germinal centre architecture, 

blurring of limits between the RP and WP, and dissolution of the marginal zone. 

In malaria cases, abundant pigment and pigment latent macrophages were 

observed throughout splenic tissue (Pongponratn et al., 1987, Pongponratn et al., 

1989, Urban et al., 2005a, Milner et al., 2014, Alves et al., 2015). The amount of 

pigment and pigment latent macrophages was demonstrated to increase with 

disease progression in P. falciparum infected non-human primates (Alves et al., 

2015).  Loss of B lymphocytes and congestion of red blood cells (RBCs) including 
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RBC infiltration of lymphoid tissue was also frequently observed in malaria cases 

(Pongponratn et al., 1987, Urban et al., 2005a, Gomez-Perez et al., 2014, Alves 

et al., 2015). Further, haemorrhage, necrosis, inflammation and lesions were 

recently observed among histopathological changes in the spleen of P. berghei 

infected mice (Hentzschel et al., 2022). These histopathological alterations in the 

spleen during malaria infection are likely to impact splenic function, affecting 

both the clearance of iRBCs and the immune response. 

 

3.1.4 Reticulocytes and Endosplenic Life Cycles  

As before described in Section 1.1.5 of this thesis, there is evidence to suggest 

the presence of an ongoing endosplenic life cycle. This was first demonstrated in 

P. berghei infected mice where the reticulocyte rich environments of both the BM 

and spleen facilitated an intraerythrocytic asexual replication cycle. Here, Lee et 

al. emphasised the importance of cryptic life cycles in the development of 

antimalarial drug resistance and recrudescent infection (Lee et al., 2018). In 

chronic asymptomatic malaria cases in adults, infected spleens exhibited a 

substantial pool of retained reticulocytes (Kho et al., 2021a). In contrast to mice, 

the spleen in humans is rarely haematopoietically active; however, the spleen 

does play a role in reticulocyte maturation (Gupta et al., 2022, Griffiths et al., 

2012, Li et al., 2021a). It is unknown whether retained reticulocytes in the spleen 

of chronic asymptomatic malaria patients is the result of extramedullary 

haematopoiesis, or retention of reticulocytes during their maturation phase in the 

spleen. However, it was hypothesised that these retained reticulocytes may 

support an endosplenic life cycle, similar to what was previously observed in P. 

berghei infected mice. This is particularly relevant for P. vivax which is restricted 

to reticulocytes. Note that while P. falciparum can invade both normocytes 

(mature RBCs) and reticulocytes, it has a predilection for reticulocytes (Leong et 

al., 2022).  

 

In the same study of chronic asymptomatic malaria cases in adults, parasites were 

found to co-localise with reticulocytes. Of particular importance, schizonts were 

observed in the splenic cords, which under normal circumstances, would be 

cleared in the spleen due to their lack of deformability. Furthermore, schizonts 

in the cords were observed in proportions consistent with their duration in the 
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intraerythrocytic life cycle. The cords represent an area of the spleen which is 

characterised by slow circulation. Therefore, Kho et al. proposed that the co-

localisation of reticulocytes and schizonts in the slow circulation of the cords 

provides a niche for successful reticulocyte invasion and parasite replication.  

 

3.1.5 Malawi Cohort 

Between February 1996 and June 2010, a large prospective post-mortem study 

was conducted on fatal paediatric malaria cases and non-malarial controls in 

Blantyre, Malawi. In this study, over 2000 children were enrolled, with 404 cases 

resulting in mortality. Consent to perform a post-mortem was sought for 335 

cases. In total, 103 post-mortems were performed on patients between the ages 

of 6 months and 13 years old. Clinical diagnoses were determined prior to post-

mortem and reclassified based on post-mortem findings (Taylor et al., 2004, 

Milner et al., 2014).  

 
Most patients in the study had clinical CM; here, clinical CM is defined as coma 

(Blantyre Coma score ≤ 2 and Glasgow Coma Scale score ≤ 10) with no 

improvement following correction of hypoglycaemia, P. falciparum peripheral 

parasitaemia, and no other obvious cause of coma such as meningitis (Taylor et 

al., 2004). Among clinically defined CM cases, three patterns of cerebral 

histopathology were observed: CM1 cases exhibited sequestration of iRBCs with no 

further cerebral histopathological changes; CM2 cases had sequestration of iRBCs 

with cerebral histopathological changes such as ring haemorrhages, cerebral 

microthrombi and extra-erythrocytic pigment; and CM3 cases presented with 

clinical CM however there was limited evidence of cerebral sequestration, and an 

alternative cause of death was identified.  

 

Non-CM parasitaemic cases were also enrolled in the study which included severe 

malarial anaemia (SMA) cases without coma and incidental parasitaemia cases 

where malaria was not the primary cause of death. Non-malarial controls included 

comatose patients with non-malarial causes of coma. Based on these final clinical 

diagnoses, the cohort comprised CM1 (n=13), CM2 (n=42), CM3 (n=20), SMA (n=4), 

incidental parasitaemia (n=3), non-malarial coma (n=17), non-malarial death 

(n=1) and indeterminant cases (where a clinical diagnosis was not made prior to 

death; n=4) (Taylor et al., 2004, Milner et al., 2013b, Milner et al., 2014).  
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3.1.6 Chapter Aims and Hypotheses 

Recent evidence has demonstrated that the BM and spleen are important hidden 

reservoirs of malaria parasites for both asexual and sexual stages (Joice et al., 

2014, Aguilar et al., 2014, De Niz et al., 2018, Kho et al., 2021a, Kho et al., 2021b). 

The existence of such hidden reservoirs has important implications for malaria 

eradication efforts as parasite reservoirs in the haematopoietic niches may 

contribute to recrudescent infections, ongoing transmission, and the emergence 

of drug resistance. Despite the importance of these two organs in malaria 

infection, few in-depth studies into their histopathology in paediatric severe P. 

falciparum malaria have been performed. Specifically, no in-depth 

histopathological studies in the BM in paediatric cases have been performed with 

previous work only investigating the BM in adults (age range 15 to 78 years old) 

(Wickramasinghe et al., 1987).  

 

The spleen has been demonstrated to harbour a large biomass of intact parasites 

of all developmental stages in proportions consistent with their duration in the 

intraerythrocytic life cycle (Kho et al., 2021b, Kho et al., 2021a). This suggests 

that the spleen may serve as a tissue site for asexual replication. However, it 

remains unknown whether large magnitudes of intact parasites accumulate in the 

spleen in paediatric severe P. falciparum malaria patients. Additionally, it 

remains unclear whether the spleen in these cases could function as a tissue site 

of asexual replication, as evidenced by high densities of non-phagocytosed 

parasites of all developmental stages in proportions indicative of an endosplenic 

life cycle.  

 

In this chapter, I aimed to apply basic histological stains, such as Haematoxylin 

and Eosin (H&E) and Giemsa, to explore the histopathology of these two important 

organs in paediatric severe P. falciparum malaria cases and non-malarial controls 

(Section 3.1.5). Using Giemsa, I began to explore the density and stage 

distribution of non-phagocytosed parasites in the different compartments of the 

spleen.  

 

Specifically, I aimed to: 
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• Perform a detailed histopathological scoring of spleen and BM samples from 

paediatric severe P. falciparum malaria and non-malarial controls.  

• To perform multivariant analysis between histopathological and clinical 

parameters to identify key associations.  

• To explore parasite density and distribution in the spleen using a Giemsa-

based counting methodology.  

• To determine if there is any evidence of an endosplenic life cycle based on 

the proportion of intraerythrocytic developmental stages.    
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3.2 Case Selection and Cohort Characterisation    

To investigate the histopathology and parasite reservoirs in the spleen and BM in 

paediatric severe P. falciparum malaria, tissues from a severe malaria post-

mortem study between 1996 and 2010 in Blantyre, Malawi, were utilised 

(described in Section 3.1.5) (Taylor et al., 2004).  From the initial 103 post-

mortem cases, patients were only included if they were HIV-negative (n=77), had 

a post-mortem interval (PMI) less than 12 hours (n=62) and a determined clinical 

diagnosis (n=61). Removal of HIV-positive patients was based on known effects on 

the histopathology, organ function, and parasite accumulation in the BM and 

spleen during HIV infection (Delacrétaz et al., 1987, Khalil et al., 1996, Flateau 

et al., 2011, Williams et al., 2016, Joice et al., 2016, Heller et al., 2023). Exclusion 

of cases with a PMI of greater than 12 hours was based on previous findings of poor 

structural preservation of tissues and poor immunohistochemistry (IHC) staining in 

cases with a PMI greater than 12 hours (Joice et al., 2014). Indeterminant cases 

were patients who died before a clinical diagnosis could be made and were 

therefore also excluded. The remaining cases were categorised into six clinical 

groups based on diagnosis. In the severe malaria post-mortem study, 72% of 

patients were diagnosed with CM (details on the specific CM classifications can be 

found in Section 2.1.1) (Taylor et al., 2004, Milner et al., 2014). It was 

hypothesised that anaemia could drive histopathological changes in the BM and 

spleen and may influence the parasite reservoir within these organs. Since there 

were few SMA cases in this study, CM cases were grouped according to their 

anaemic status:  

• CM1/CM2 without SMA [CM1/CM2 (-SMA)] (n=9), 

• CM2 with SMA [CM2 (+SMA)] (n=7),  

• CM3 (n=11),  

• SMA (n=2),  

• incidental parasitaemia (n=3) and  

• non-malarial controls (n=6).  

 

Several cases were reclassified for this study following discussions with clinicians. 

Originally, PM40 was diagnosed with a non-malarial encephalopathy of infectious 

origin and therefore categorised as a non-malarial control. However, this case had 

a parasitaemia on admission of 597 parasites/µL with blood infection cleared 
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before death (time to death 64 hours). This case was subsequently reclassified as 

an incidental parasitaemia case, defined as a patient with parasitaemia. PM05, 

PM48 and PM61 were originally classified as CM2 cases without SMA; however, 

based on their packed cell volume (PCV), either on admission or in the last reading 

prior to death, their anaemic status was considered severe. They were therefore 

reclassified as CM2 cases with SMA (Table 3-1).   

 

From this, only cases with matched BM and spleen formalin-fixed, paraffin 

embedded (FFPE) tissue blocks in the Glasgow repository were selected (n=46). 

The CM1/CM2 (-SMA) clinical group was further refined by prioritising cases that 

had been previously utilised by Joice et al., and De Niz et al. (Joice et al., 2014, 

De Niz et al., 2018). After applying the above exclusion criteria and selection 

methods, a cohort of 38 patients was established to take forward for histological 

analyses (Figure 3-2, 3-3A, Table 3-1). Within the cohort, there were 32 malaria 

cases and 6 non-malarial controls. All non-malarial controls had non-malarial 

encephalopathy with an infectious aetiology, apart from 2 cases.  
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Figure 3-2. Flow chart of case selection. From the 103 patients enrolled in the severe malaria 
post-mortem study, cases were selected based on HIV status, post-mortem interval (PMI) and case 
determination. Cases were grouped into 6 categories based on diagnosis and anaemic status. Cases 
without matched bone marrow (BM) and spleen formalin-fixed, paraffin embedded (FFPE) tissue 
blocks in the Glasgow repository were excluded. Finally, CM1/CM2 cases without severe malarial 
anaemia (SMA) were further refined by prioritising cases used in Joice et al. and De Niz et al. 
(Taylor et al., 2004, Joice et al., 2014, De Niz et al., 2018). Abbreviations: PMI, postmortem 
interval; BM, bone marrow; CM, cerebral malaria; SMA, severe malarial anaemia. Figure created 
with BioRender.com. 
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Table 3-1. Patient information for malaria cases and non-malarial controls. 

 
Table is colour coded according to clinical group. Where a case was reclassified, the colour of the post-mortem (PM) number is coloured to match that of the original 
classification. Clinical diagnosis was taken from the original diagnosis of cases (Taylor et al., 2004).  Normal packed cell volume (PCV) reference ranges were taken from 
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age related changes in haematological parameters in healthy Malawians (Mandala et al., 2017). Normal spleen weight reference ranges were based on age, taken from 
Molina et al., 2019 (Molina et al., 2019).  
Abbreviations:  PM, post-mortem; CM, cerebral malaria; SMA, severe malaria anaemia; S. pm, Streptococcus pneumoniae; obstrx, obstruction; COC, cause of coma; Adm, 
admission; PCV, packed cell volume, PMI, post-mortem interval; Qn, quinine dihydrochloride.  



    
 

Baseline characteristics were generated for the cohort, and for individual clinical 

groups (summarised in Table 3-2). The median age of the cohort was 27 months 

with a range of 6 months to 9 years old. All patients were treated with intravenous 

quinine dihydrochloride. Quinine infusions continued until four consecutive blood 

smears were deemed negative for parasitaemia (Taylor et al., 2004). Haematocrit, 

or packed cell volume (PCV), was measured six-hourly throughout hospitalisation. 

The median PCV of patients was 25% (interquartile range (IQR): 16% to 31%) which 

in general was reduced during hospitalisation to a median PCV of 22% (IQR: 15% to 

28%). Based on PCV, 17 (45%) patients were anaemic on admission (including SMA) 

and 18 (47%) patients were anaemic according to the last measurements taken 

prior to death. Anaemic status was classified according to PCV reference ranges 

per age group for healthy Malawians where cases with a PCV less than 15% were 

considered severe (Mandala et al., 2017). At post-mortem, all organs were 

weighed including the spleen. The median spleen weight of the cohort was 83 g 

(IQR: 50 g to 110 g) where 16 (42%) patients were considered to have splenomegaly 

based on paediatric spleen weight reference ranges (Molina et al., 2019). Blood 

transfusions were administered to 6 (16%) patients during hospitalisation (Table 

3-2).  

 

Across clinical groups, the highest median admission parasitaemia was in CM1/CM2 

(-SMA) cases. In general, all clinical groups observed a reduction in parasitaemia 

throughout hospitalisation (Figure 3-3B). As expected, admission and last PCV 

measurements were lowest for clinical groups with SMA. CM2 (+SMA) and SMA cases 

had a median admission PCV of 15% (IQR: 14% to 16%) and 8% (IQR: 7% to 8%) 

respectively (Figure 3-3C). The same clinical groups had the shortest median time 

to death of 11 h (IQR: 7 to 15 h) and 3 (IQR: 3 to 4 h) for CM2 (+SMA) and SMA 

respectively (Figure 3-3D). Splenomegaly was most frequently observed in 

CM1/CM2 (-SMA) cases with 5 (56%) patients considered to have splenomegaly, 

followed by 6 (55%) CM3 patients and 3 (43%) CM2 (+SMA) patients. Due to small 

sample sizes within some clinical groups, most analyses in this thesis focused on 

comparing malaria cases to non-malarial controls to achieve statistical 

significance. Where relevant, comparisons were made between clinical groups.   
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Table 3-2. Baseline characteristics of malaria cases and non-malarial controls.  

Abbreviations:  IQR, interquartile range; Adm, admission; PCV, packed cell volume; CM, cerebral 
malaria; SMA, severe malarial anaemia; IP, incidental parasitaemia; NMC, non-malarial controls.  
 

 

 

 
Figure 3-3. Baseline characteristics of malaria cases and non-malarial controls.  (A) Pie chart 
showing the proportion of each clinical group in the cohort. (B) Parasitaemia (P%) as parasites per 
µL of blood on admission (Adm %) and last reading before death (Last P%) per clinical group. (C) 
Packed cell volume (PCV), per clinical group on admission (Adm PCV) and last reading before death 
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(Last PCV). (D) Time to death from admission in hours. Symbols represent individual patients. 
Abbreviations: CM, cerebral malaria; SMA, severe malarial anaemia; IP, incidental parasitaemia; 
NMC, non-malarial controls, Adm, admission; P%, parasitaemia. 
 
 

 

 

3.3 Technical Considerations: BM Decalcification   

Before performing histological studies, tissue blocks were assessed for quality. 

Many BM samples were not sufficiently decalcified prior to tissue processing and 

embedding limiting their use. Without decalcification, mineralised tissue such as 

bone is difficult to section without tissue damage. Therefore, I investigated 

whether decalcifying bone post processing and embedding would have a 

detrimental effect on tissue structure and epitopes. Routinely used methods of 

decalcification and fixation can cause significant mRNA degradation (Masuda et 

al., 1999, Shao et al., 2006, Salmon et al., 2012, Belluoccio et al., 2013, 

Miquelestorena-Standley et al., 2020, Al-Maawi et al., 2022). Since these tissues 

will ultimately be used for spatial transcriptomic approaches, it was imperative 

to use a method of decalcification that will optimally preserve mRNA. Therefore, 

a novel decalcification approach proposed by Belluoccio et al., which utilises 10% 

ethylene-diamine-tetraacetic acid (EDTA) in RNAlater to decalcify bone whilst 

preserving mRNA integrity, was tested (Belluoccio et al., 2013). Before applying 

this technique to human samples, this approach was tested on bones harvested 

from mice. 

 

Femurs were harvested from P. berghei infected (n=3) or naïve mice (n = 1). From 

each mouse, one bone was immediately decalcified, forward processed, and 

embedded to generate a FFPE BM block (decal prior). The second bone was 

processed and embedded immediately without decalcification. This latter FFPE 

block was then melted, reverse processed and decalcified for the required length 

of time (Section 2.2.4). Decalcification times for mouse bones were typically 

between 5 to 7 days. Now decalcified, the bone was forward processed as before 

and embedded in wax to generate a decalcified FFPE BM block (decal post). 

Sections were cut for H&E staining, Giemsa staining, IHC and RNAscope. Staining 

intensity and/or signal was compared between the two conditions (Figure 3-4)  
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Figure 3-4. Bone marrow (BM) decalcification experimental outline. Bones were harvested from 
P. berghei infected or naïve TO mice. Bones were either processed and embedded immediately or 
underwent decalcification. Decalcified bones were processed and embedded after decalcification 
(decal prior) to generate a formalin fixed, paraffin embedded (FFPE) tissue block. FFPE blocks 
from bones that were immediately processed without decalcification were melted, reverse 
processed and decalcified. They were then re-processed and re-embedded to generate FFPE blocks 
(decal post). Sections were subjected to histological stains: haematoxylin & eosin (H&E), Giemsa, 
immunohistochemistry (IHC) and RNAscope in parallel. Staining intensity and/or signal was 
compared between the two conditions. Abbreviations: H&E, haematoxylin and eosin; IHC, 
immunohistochemistry.   
 

 

 

3.3.1 Basic Staining: H&E and Giemsa 
To determine whether time at which tissues were decalcified in relation to 

processing and embedding resulted in basic staining variation and tissue 

morphology alterations, two basic histological stains were performed: H&E and 

Giemsa. No differences were observed in staining patterns or tissue morphology 

for both H&E and Giemsa-stained sections. By Giemsa, P. berghei-iRBCs in both 

‘decal prior’ and ‘decal post’ BM were identified (Figure 3-5). 
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Figure 3-5. Decalcification does not induce changes in H&E and Giemsa-stained bone marrow 
(BM) sections. Bones from P. berghei infected mice were harvested and either decalcified prior 
to (decal prior) or post (decal post) tissue processing and embedding. (A) H&E-stained BM sections. 
(B) Giemsa-stained BM sections. Zoomed in panels highlight P. berghei infected RBCs (iRBC, 
indicated by white arrows) in the sinus lumen. Dashed black line represents the sinusoidal lining. 
Abbreviations: BM, bone marrow; H&E, haematoxylin and eosin; decal, decalcified. 
 

 

 

3.3.2 HSP70 IHC  
To determine whether decalcifying post tissue processing and embedding had a 

detrimental effect on tissue epitopes, IHC was performed using antibodies against 

the conserved constitutive parasite protein, heat shock protein 70, HSP70 (LSBio; 

LS-C109068) (Shonhai et al., 2007). IHC was successful in all BM tissues with no 

differences observed in staining intensity between ‘decal prior’ and ‘decal post’ 

BM (Figure 3-6A).  

 

It was assumed that parasite load would be similar between parallel bones from 

within the same mouse. Therefore, HSP70+ parasites were quantified in each 

tissue and compared to determine if there was a significant difference indicative 

of false negatives. There was no significant difference between counts in ‘decal 
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prior’ bones compared to ‘decal post’ bones (p=0.82) (Figure 3-6B). Therefore, 

decalcification after tissue processing and embedding does not have a detrimental 

effect on tissue epitopes for IHC.  

 

 

 

Figure 3-6. Decalcification does not induce changes in IHC staining.  (A) Detection of P. berghei 
infected RBCs (iRBCs) in mouse bone marrow (BM). Representative images of BM from P. berghei 
infected mice which were either decalcified prior to (decal prior) or post (decal post) tissue 
processing and embedding. Parasites were labelled using antibodies against HSP70 (brown; 
chromogen DAB). Black dashed lines represent sinusoid lining. (B) Quantification of parasite loads 
in BM tissue.  Number of HSP70+ parasites per 100 high powered fields (HPF) for each organ. 
Parasite loads are shown as median with 95% confidence interval. There was no statistical 
difference (ns) between parasite loads in BM decalcified before or after processing and embedding 
(p=0.82). Statistical test used was Wilcoxon matched pairs signed-rank test. Symbols represent 
individual replicates (3 biological replicates with 3 technical replicates). Abbreviations: BM, bone 
marrow; decal; decalcified; HPF, high powered field. 
 
 

 

3.3.3 Mm-PolR2A RNAscope 
RNA in situ hybridisation was used to determine whether decalcifying BM post 

tissue processing and embedding had a detrimental effect on RNA integrity (Wang 

et al., 2012). Here, the standard positive control probe which targets murine RNA 

polymerase II subunit A mRNA, Mm-Polr2A, was used (ACD, NM_009089.2). Naïve 

murine spleen was used as a positive control tissue. Spleen was fixed for the same 

amount of time as BM, however, did not undergo any decalcification. This enabled 

an assessment of the potential impact of decalcification on RNA integrity. There 

was expression of polr2a throughout splenic tissue, however, expression was 

highest in the WP likely due to the higher nuclear cell density in this compartment 

(Figure 3-7A, B).  

 

Variation in the distribution of polr2a expression by RNAscope was observed across 

all BM tissues (Figure 3-7C). This may suggest some level of mRNA degradation 
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occurred in some areas. Overall, signal intensity was similar between decal prior 

and decal post BM tissue. To quantify expression levels, qualitative scoring was 

performed based on ACD scoring guidelines (detailed in Section 2.3.5, Table 2.5). 

This was performed by hand however image analysis software tools such as 

Visiopharm® have been considered. Staining intensity, indicative of gene 

expression levels, was assessed in five randomly selected regions of interest within 

each tissue and scored between 0 and 4. Scores between tissues which were 

decalcified prior to or post processing and embedding were not different (Figure 

3-7B). 

 

 

 

 
Figure 3-7. Decalcification does not Induce changes in RNAscope staining. RNAscope targeting 
Mm-Polr2a was performed on matched P. berghei infected bone marrow (BM) that was either 
decalcified prior (‘decal prior’) or post (‘decal post’) forward processing and embedding. (A) 
Representative image of Mm-Polr2a expression in naïve murine spleen. (B) Scoring was performed 
based on the number of punctate dots observed in each cell over five regions of interest per tissue. 
Each punctate dot represents a single copy of mRNA. Data is displayed as median with 95% 
confidence interval. There was no significant difference (ns) between scores in BM decalcified 
prior (decal prior) compared to BM decalcified after (decal post) processing and embedding (p = 
0.93). Statistical test used was Wilcoxon matched pairs signed-rank test. Symbols represent 
individual replicates (3 biological replicates with 3 technical replicates for BM; 3 technical 
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replicates for spleen control). (C) Representative images of Mm-Polr2a expression in decalcified 
Abbreviations: BM. BM, bone marrow; decal, decalcified. 
 

 

 

Overall, decalcification after tissue processing and embedding does not have a 

detrimental effect on tissue structure, staining patterns, or tissue epitopes. The 

process of decalcification itself will likely result in a level of degradation of mRNA, 

however, the protocol used here is designed to minimise this degradation.  

 

3.4 Histopathology of the BM and Spleen  

No in-depth studies into the histopathology of the BM and spleen in paediatric 

severe malaria have been performed. Therefore, I aimed to perform a detailed 

semi-quantitative histopathological scoring of the BM and spleen in the Malawi 

cohort of paediatric severe malaria and non-malarial controls. Based on previously 

identified histopathological features of the spleen and BM, as described in Section 

3.1.2 and Section 3.1.3, a detailed histopathological scoring criteria was 

generated.  

 

3.4.1 Histopathology of the BM: Whole Cohort 

BM sections were stained with H&E and scored by a comparative pathologist (board 

certified of the American College of Veterinary Pathologists) blinded to patient 

and clinical information. Where available, Giemsa-stained sections were used to 

assist with scoring. Parameters for scoring included cellularity, pigmentation, 

number and distribution of megakaryocytes, myeloid-to-erythroid (M:E) ratio, 

presence of suspected iRBCs, and elevation of eosinophils and macrophages. Left 

shifts, characterised by a higher proportion of immature cell types relative to 

mature cell types (Figure 3-1), were also evaluated in the megakaryocytic, 

granulocytic, and erythroid lineages. Note that complete evaluation of these cell 

lineages requires cytology aspirates which were not available for this cohort. 

Parameters were scored between 0-4 where 0 denotes that the feature is not 

present and 4 denotes a marked appearance (Section 2.2.8). In total, 

histopathological scoring was performed on 19 BM sections. The findings from this 

histopathological scoring are summarised in Table 3-3. 
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Malaria cases (consisting of all parasitaemic cases) were first compared to non-

malarial controls. The presence of iRBCs was noted in 78% of malaria cases and 

largely absent in non-malarial controls as expected (Figure 3-8A). Note that a 

lower number of tissues were analysed for the presence of iRBCs as it was not 

always possible to define the sinusoids. Mild pigmentation throughout the BM was 

observed in malaria cases, while no pigmentation was evident in non-malarial 

controls (Figure 3-8). The absence of pigment in non-malarial controls implies 

that the observed pigment is likely haemozoin; however, it is not possible to 

determine if this pigment is haemozoin, haemosiderin, or formalin pigment using 

H&E-stained sections alone. To distinguish between pigments, Prussian blue stains 

should be performed (Rebelatto, 2018).  

 

Megakaryocytes had a diffuse distribution across all cases. Dysplastic changes in 

megakaryocytes, such as hyperlobated megakaryocytes or micro-megakaryocytes, 

were observed in 47% of malarial cases and 25% of non-malarial controls (Mair et 

al., 2013). Complete granulocytic and erythroid lineages were observed in both 

malaria cases and non-malarial controls. In malaria cases, a left shift in the 

erythroid lineage was observed in 7% of cases with 47% exhibiting a left shift in 

the granulocytic lineage. In contrast, there were no cases of left shifts in the 

erythroid lineage for non-malarial control, with only 1 case exhibiting a left shift 

in the granulocytic lineage. An elevation in eosinophils was observed in 53% of 

malaria cases but not observed in non-malarial controls. Similarly, there was a 

mild increase in macrophages in malaria cases while non-malarial cases showed 

only a minimal increase (Figure 3-8B, Table 3-3).   

 

The M:E ratio compares the proportion of myeloid (granulocytes and monocytes) 

to erythroid cells (Elmore, 2006). The M:E ratio can be informative with high M:E 

ratio indicative of increased demand/granulopoiesis (e.g., due to infection and 

inflammation) or decreased erythroid lineage, whereas a low M:E ratio can be 

indicative of decreased leukopoiesis or erythroblast proliferation (e.g., secondary 

to anaemia). In malaria and non-malarial cases, the M:E ratio was within the 

reference range for the median age of the cohort, although note that there were 

few cases where this M:E ratio exceeded the limits of the reference range for this 

age (2 years and 3 months, reference M:E ratio: 3-4:1) (Proytcheva, 2013).  
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There was no gross evidence of haemorrhage, inflammation, necrosis or fibrosis 

across malaria patients and non-malarial controls as evaluated by a comparative 

pathologist specialising in these organs using H&E stained tissue sections.  

 

 

 

Figure 3-8. Infected RBCs (iRBC), eosinophils, macrophages, and pigment in the bone marrow 
(BM) of paediatric severe malaria patients. Pigment was observed throughout malaria cases. (A) 
iRBCs were identified in the BM parenchyma and in BM sinusoids. White arrows are used to indicate 
iRBCs. (B) Malaria cases displayed an elevation of eosinophils and a mild increase in macrophages. 
A macrophage containing phagocytosed pigment is indicated. Black dashed lines outline sinusoids. 
 

 

 

3.4.2 Histopathology of the BM: Per Clinical Group 
Despite the low sample numbers for some clinical groups, an impression of overall 

differences between each clinical group can be obtained. While the brain was not 

the focus of this study, it is unclear whether different CM classifications exhibit 

distinct BM responses to Plasmodium infection. In CM1/CM2 cases, there was mild 

to moderate pigmentation observed in the BM whereas in CM3, SMA and incidental 

parasitaemia cases, there was minimal to no pigment observed. iRBCs were 

observed in all CM1/CM2 cases, however, they were less frequently observed in 
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other malaria clinical groups. Left shifts in the megakaryocytic and granulocytic 

lineages were only observed in CM1/CM2 cases. Only one SMA case exhibited a left 

shift in the erythroid lineage. In general, the M:E ratio was higher in CM1/2 cases, 

compared to non-CM and CM3 cases (Table 3-3).  

 

Table 3-3. Summary of BM histopathology scoring. 

 Abbreviations: iRBC, infected red blood cell; M:E ratio, myeloid:erythroid ratio; CM, cerebral 
malaria; SMA, severe malarial anaemia; IP, incidental parasitaemia. 
 

 

 

3.4.3 Multivariant Analysis of BM Histopathological and Patient 

Clinical Parameters 

To investigate whether histopathological parameters alone were enough to 

separate clinical groups, a principal component analysis (PCA)-biplot was 

generated. This would allow the determination of distinct groups based on 

histopathological and clinical parameters, and the parameters responsible for 

these group separations. Here, binary transformation was applied to dichotomous 

parameters, such as the presence of iRBCs, assigning a value of 1 for ‘yes/present’ 

and 0 for ‘no/not present’.   

 

The PCA-biplot was initially coloured according to malaria cases and non-malarial 

controls (Figure 3-9A). From this initial PCA-biplot, malaria cases and non-

malarial controls did not cluster separately. To determine whether each clinical 
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group clustered separated, the PCA-biplot was coloured according to clinical 

diagnosis. Individual clinical groups did not form distinct clusters (Figure 3-9B).  

 

 

 

 
Figure 3-9. Multivariant analysis reveals no distinct subgroups in the bone marrow (BM). (A) 
PCA-biplot categorising malaria (purple) patients and non-malarial controls (blue). (B) PCA-biplot 
categorising patients according to clinical diagnosis. Abbreviations: LS, left shift; M.E.Ratio; 
myeloid:erythroid ratio; contrib, contribution; CM, cerebral malaria; SMA, severe malarial 
anaemia; IP, incidental parasitaemia; NMC, non-malarial controls.  
 

 

 

PCA-biplots give an indication of correlations between parameters. To expand on 

this, a correlation matrix plot was generated to investigate the significant 

correlations between histopathologic parameters and clinical parameters. Clinical 

parameters included age, admission parasitaemia, last parasitaemia before death, 

admission PCV, last PCV before death, time to death, and duration of fever.  

 

From this correlation matrix, several significant correlations were identified. 

Several parameters relating to parasites in the BM (presence of iRBCs and 

pigmentation) positively correlated with dysplastic changes in megakaryocytes, 

granulocytic left shifts, increased macrophages, and a higher M:E ratio. In turn, 

admission parasitaemia was positively correlated with both pigmentation and the 

presence of iRBCs. Elevated eosinophils were also positively correlated with 

increased macrophages, megakaryocytic left shift, pigmentation, and presence of 

iRBCs. Therefore, the presence of parasites in the BM impacts several 

histopathological features (Figure 3-10).  
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There were several significant negative correlations between clinical and 

histopathological parameters in the BM. Elevated macrophages were negatively 

correlated with both time to death and last PCV. Since the time to death was 

positively correlated with last PCV, this suggests that an increased number of 

macrophages is associated with a low PCV (i.e., anaemia), which in turn is 

associated with a short time to death (Figure 3-10).  

 

Figure 3-10. Multivariant analysis reveals several significant correlations in the bone marrow 
(BM). Pearson correlation matrix calculated for all malaria cases and non-malarial controls. 
Correlations were made between clinical parameters and BM histopathological parameters. 
Significant correlations are depicted by asterisks. Red boxes highlight positive correlations and 
blue boxes represent negative correlations. The box size and colour intensity convey the degree 
of correlation between the two parameters. Coloured bubbles indicate relevant correlations. 
Abbreviations: Adm, admission; PCV, packed cell volume, LS, left shift, M.E.Ratio, 
myeloid:erythroid ratio; iRBC, identification of infected RBC; Dysplastic.Changes, dysplastic 
changes in the megakaryocytic lineage. 
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3.4.4 Histopathology of the Spleen: Whole Cohort 
Spleen sections were stained with H&E and scored by a pathologist blinded to 

clinical information as before described. Parameters for scoring included degree 

of macrophages and pigment latent macrophages in the RP and WP, WP 

hyperplasia, haemorrhage or congestion, and parameters indicating 

disorganisation of splenic microarchitecture such as dissolution of the marginal 

zones and disruption of germinal centre architecture. The presence of suspected 

iRBCs was also noted. Relative lesion burden, an aggregate of multiple 

parameters, was scored from 0 to 5 where 0 represents no lesions and 5 represents 

extensive lesions that occupy most of the spleen section. All other parameters 

were scored between 0-4 where 0 denotes a feature that is not present and 4 

denotes a marked appearance (Section 2.2.8). In total, histopathological scoring 

was performed on 17 spleen sections. The findings from this histopathological 

scoring are summarised in Table 3-4. 

 

Overall, there were no major differences in spleen histopathology between 

malaria cases and non-malarial controls. Throughout the cohort, there was no 

evidence of inflammation, necrosis, or fibrosis. A moderate amount of pigment 

latent cells was present in the RP for both malaria cases and non-malarial controls. 

It was noted that a large amount of pigment was present throughout the spleen, 

considerably more than observed in BM sections (Figure 3-11A). There was a 

minimal amount of pigment observed in the WP which was largely localised to the 

germinal centre (Figure 3-11B). Like the BM, it is not possible to determine if this 

pigment is haemozoin, haemosiderin, or formalin pigment using H&E-stained 

sections alone. The main difference between the two groups was the presence of 

iRBCs which were confidently identified in malaria cases but absent in non-

malarial controls (Figure 3-11C).  

 

In terms of splenic microarchitecture, there was minimal blurring of the RP to WP 

boundaries and minimal dissolution of the marginal/mantle zones for both malaria 

cases and non-malarial controls. For non-malarial controls, there was mild 

germinal centre architecture disruption compared to minimal disruption in malaria 

cases. Both groups had minimal WP hyperplasia and a mild increase in 

macrophages (Figure 3-11D).  
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In mice, the BM is unable to respond to an increase in RBC production demands, 

however, the spleen has been demonstrated to be able to induce stress 

erythropoiesis to increase RBC production (Liu et al., 2013, Weiss et al., 1989, 

Villeval et al., 1990, Yap and Stevenson, 1992, Lamikanra et al., 2007, Paulson et 

al., 2011, Bennett et al., 2018, Paulson et al., 2020, Ghosh and Stumhofer, 2021, 

Chen et al., 2021). It has been long been hypothesised that the human spleen 

might trigger a comparable response in malaria, demonstrating extramedullary 

haematopoiesis, a phenomenon observed rarely in patients with 

haemoglobinopathies (Gupta et al., 2022). Stress erythropoiesis in the spleen has 

been demonstrated to occur in response to inflammation in mice models where 

the BM alters haematopoiesis in favour of myeloid cells (Bennett et al., 2019, 

Paulson et al., 2020). Indeed, in CM1/CM2 cases, a higher M:E ratio was observed 

likely in response to inflammation and infection (Table 3-3). The presence of 

extramedullary haematopoiesis was therefore investigated in the spleen of this 

cohort. In addition, the percentage of RBC precursors (following 500 RBC count) 

in the spleen was evaluated which may indicate retention of reticulocytes as 

observed in chronic asymptomatic malaria cases (Kho et al., 2021a). Based on the 

sections evaluated from this cohort, there was no evidence of extramedullary 

haematopoiesis in the spleen. In addition, no cases exhibited a notably high 

percentage of RBC precursors present in the spleen.   

 

To conclude, the spleen in both malaria cases and non-malarial controls display 

minimal to mild splenic disruption. Since disruption was observed in non-malaria 

cases as well, it is likely that factors other than Plasmodium contribute to this 

splenic disruption.  
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Table 3-4. Summary of spleen histopathology scoring. 

Abbreviations: iRBC, infected red blood cell; RBC, red blood cell; CM, cerebral malaria; SMA, 
severe malarial anaemia; IP, incidental parasitaemia. 
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Figure 3-11. Pigment, infected red blood cells (iRBCs), and disorganisation of the splenic 
microarchitecture in the spleen of severe malaria patients and non-malarial controls. (A) There 
was a moderate appearance of pigment throughout the red pulp (RP). (B) Where pigment was 
present in the white pulp (WP), it was predominantly found in the germinal centre (GC). The GCs 
of the spleen are specialised microenvironments containing B cells which initiate an adaptive 
immune response upon antigen recognition. (C) iRBCs were observed in malaria cases as indicated 
by white arrows. (D) Blurred limits between the RP and WP indicated by green arrows. The 
structure of the WP is more diffused with less distinctive boundaries between splenic 
compartments, as shown in Figure 1-7. Abbreviations: GC, germinal centre; PALS, periarteriolar 
lymphoid sheath. 
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3.4.5 Multivariant Analysis of Splenic Histopathological and 

Patient Clinical Parameters  

Malaria and non-malarial controls appear to exhibit similar splenic histopathology. 

This was supported by PCA-biplot which demonstrates no distinct clusters based 

on histopathological parameters alone, even when coloured by clinical group 

(Figure 3-12).  

 

To investigate correlations between histopathologic parameters and clinical 

parameters, a correlation matrix plot was generated. The same clinical 

parameters used in BM correlations were used here with the addition of spleen 

weight. As expected, parameters related to disruption of splenic architecture 

were positively correlated such as disruption of the marginal zone and blurred 

limits between the RP and WP. Relative lesion burden was positively associated 

with haemorrhage and congestion, consistent with splenic disruption or damage. 

Relative lesion burden was also positively correlated with pigment in the WP. 

Parasitaemia (both on admission and before death) was positively correlated with 

the presence of immature RBCs in the spleen and negatively correlated with time 

to death. This latter correlation aligns with the understanding that higher 

parasitaemia is associated with disease severity and therefore a shorter time to 

death (Bilal et al., 2016, Antwi-Baffour et al., 2023). Pigment in the RP was 

associated with a higher degree of splenic macrophages, further suggesting that 

pigment, at least in malaria cases, is likely haemozoin (Figure 3-13).  

 

 

 

Figure 3-12. Multivariant analysis reveals no distinct subgroups in the spleen. (A) PCA-biplot 
categorising malaria (purple) patients and non-malarial controls (blue). (B) PCA-biplot categorising 
patients according to clinical diagnosis. Abbreviations: WP, white pulp; RP, red pulp; iRBC, 
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infected red blood cells; GC, germinal centre; CM, cerebral malaria; SMA, severe malarial 
anaemia; IP, incidental parasitaemia; NMC, non-malarial control; contrib, contribution.   
 
 

 

 

Figure 3-13. Multivariant analysis reveals several significant correlations in the spleen. Pearson 
correlation matrix calculated for all malaria and non-malarial control patients. Correlations were 
made between clinical parameters and spleen histopathological scoring parameters. Significant 
correlations are depicted by asterisks. Red boxes highlight positive correlations and blue boxes 
represent negative correlations. The box size and colour intensity convey the degree of correlation 
between the two parameters. Coloured bubbles indicate relevant correlations. Abbreviations: 
Pigment.RP, pigment in the red pulp; Pigment.WP, pigment in the white pulp; iRBCs, presence of 
infected red blood cells; Disruption.GC, disruption of the germinal centre; Adm.PCV, admission 
packed cell volume; WP.hyperplasia; white pulp hyperplasia; blurred.WPRP, blurred limits 
between the red pulp and white pulp; Immature.RBC, percentage of immature red blood cells; 
Adm.parasitaemia, admission parasitaemia. 
 

 

 

PCA-biplot did not identify distinct groups based solely on histopathological 

parameters; however, many histopathological parameters were positively 
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correlated with clinical parameters. Like the BM, severity of infection (i.e., high 

parasitaemia) corresponded with significant histopathological alterations in the 

spleen, leading to splenic disruption. Overall, these findings suggest that, based 

on histopathology alone, the spleen in malaria cases and non-malarial controls are 

very similar. This implies that the mild splenic disruption observed here may be 

influenced by other factors or past infections.  

 

3.5 Evaluating Parasite Accumulation in the Spleen  

The spleen was recently revealed to harbour a large hidden reservoir of non-

phagocytosed P. falciparum and P. vivax in adults with chronic asymptomatic 

malaria. Using Giemsa-stained spleen sections, all developmental stages were 

identified, including gametocytes in P. falciparum cases. Parasite densities were 

highest in the splenic cords where all blood stages were identified in proportions 

consistent with their duration in the intraerythrocytic life cycle. The magnitude 

of parasite densities in the spleen was more marked for P. vivax cases than P. 

falciparum suggesting a level of heterogeneity in terms of the splenic reservoir 

(Kho et al., 2021b, Kho et al., 2021a). It is unknown whether the spleen in 

paediatric severe malaria cases, which account for the majority of malaria related 

deaths, harbour similarly high densities of non-phagocytosed parasites. Such high 

splenic parasite densities may be the result of an endosplenic life cycle which 

would be evidenced through the presence of schizonts in proportions consistent 

with their duration in the intraerythrocytic life cycle. For P. falciparum, rings and 

trophozoites constitute ~75% of the lifecycle (0-36 hours post invasion (hpi)) while 

schizonts constitute ~25% (36-48 hpi).  

 

3.5.1 Defining Spleen Compartments  

To determine whether there was a marked accumulation of non-phagocytosed 

parasites present in the spleen, an initial parasite screen on Giemsa-stained tissue 

sections was performed. For this initial screen, the spleen was compartmentalised 

into the splenic cords, sinus lumens, perifollicular zones, and non-circulatory 

spaces (Figure 3-14). These splenic compartments have previously been used to 

explore the distribution of parasites in the spleen where the majority of parasites 

were found in the splenic cords, followed by sinus lumens and then perifollicular 

zones (Kho et al., 2021a, Kho et al., 2021b).   
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The perifollicular zone is not a well-defined compartment of the spleen; it is a 

region of fast circulation between the WP and the RP with a reticular cell 

framework (Groom et al., 1991, Safeukui et al., 2008, Buffet et al., 2011, Sasou, 

2021). For the purposes of these counts, the boundary of the perifollicular zone 

was defined as the point where the first sinus lumen of the RP was visible, and 

the reticular framework was no longer obvious (Figure 3-15). To gain familiarity 

with the structure of the sinus lumen in the RP, periodic acid Schiff (PAS) stain 

was used to stain polysaccharides making sinus lumens more obvious (Figure 3-

16).  

 

 

  

Figure 3-14. Representative images of splenic compartments. Sections from P. falciparum 
infected spleens stained with Giemsa. Two major compartments of the spleen exist: the red pulp 
(RP) and the white pulp (WP). These can be further divided into the following compartments: 
splenic cords, sinus lumens (SL), perifollicular zones (PFZ) and non-circulatory spaces (NCS). 
Dashed lines indicate the separation between these compartments. Abbreviations: SL, sinus lumen, 
PFZ, perifollicular zone; NCS, non-circulatory spaces. 
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Figure 3-15. The perifollicular zone of the spleen. Sections from P. falciparum infected spleens 
were stained with Giemsa. (A) The perifollicular zone (PFZ) can be observed as an RBC rich area 
surrounding the WP. The white arrow indicates the perifollicular zone. (B) Representative image 
of the first sinus lumen observed at the periphery of the PFZ indicated by a yellow arrow. Dashed 
lines indicate outline the first sinus lumen. Abbreviations: CA, central artery; LF, lymphoid follicle; 
PALS, periarteriolar lymphoid sheath; PFZ, perifollicular zone; SL, sinus lumen.  
 
 

  

Figure 3-16. Periodic acid Schiff (PAS) stain on a spleen section highlighting sinusoids. Spleen 
sections were subjected to a PAS stain to stain polysaccharides allowing identification of sinus 
lumens. White arrows indicate sinuses.   
 

 

 

3.5.2 Defining Giemsa Counting Methodology 

Staging was based on morphological appearance (parasite nuclei, cytoplasm, and 

haemozoin distribution) which has previously been described (Safeukui et al., 

2008, Kho et al., 2021a, Kho et al., 2021b). Rings were identifiable by a RBC 

containing a light brown nucleus less than 1 µM in diameter, often with either a 

faint blue hue (cytoplasm) or pale circular zone originating at the nucleus. 

Trophozoites appear similar with a marked blue cytoplasmic hue and larger 

nucleus. Schizonts contained a large brown pigment more than 1 µM, or multiple 

brown dots, occupying half the diameter of the erythrocyte with a thick blue 

cytoplasm. Late gametocytes contain a large central pigment surrounded by 

oblong blue cytoplasmic staining matching the modified shape of the gametocyte-

infected erythrocyte. Non-phagocytosed parasites were clearly distinguishable 

from pigmented phagocytes, likely pigmented due to parasite destruction or 

engulfment of free pigment in the spleen (Figure 3-17). 
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Figure 3-17. Morphological appearance of non-phagocytosed parasites and pigmeted 
phagocytes in Giemsa-stained spleen sections. 
 

 

 

To aid parasite stage identification, the use of polarised light was investigated. 

Polarising light filters can be used for the detection of haemozoin due to the 

unique optical properties of this parasite crystal which render it birefringent. 

Since rings have been suggested to lack haemozoin, the use of polarising light may 

assist in distinguishing rings from early trophozoites which are morphologically 

similar in Giemsa-stained tissues (Rebelo et al., 2012, Shapiro et al., 2013, 

Delahunt et al., 2014). Using polarised light microscopy, early rings were 

distinguishable from late rings/early trophozoites which, by Giemsa, were 

morphologically the same (Figure 3-18). While this technique was simple to 

implement, the addition of a polarising filter onto the objective made 

identifications by brightfield microscopy of Giemsa-stained sections more 

challenging. In addition, as previously described, a substantial amount of pigment 

was observed throughout the splenic tissue. While polarising light microscopy 
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could aid in distinguishing haemosiderin from haemozoin, formalin pigment is also 

birefringent and therefore makes the use of this technique in these tissues 

challenging (Rogerson and Ordi, 2014). For the purposes of this study, rings and 

early trophozoites were grouped together for counts by brightfield microscopy 

alone. Trophozoites, schizonts, late gametocytes and unclassifiable stages were 

counted separately. 

 

 

 

Figure 3-18. Splenic ring identifications using polarised light. (A) Giemsa-stained spleen section. 
(B) Matching field of view of Giemsa-stained spleen section with a polarising light filter. White 
arrowheads indicate birefringent pigment corresponding to parasite identifications highlighted in 
(D). White rings represent birefringent particles (likely formalin) which do not resemble parasites 
in the corresponding brightfield image. (C) Images of rings from infected spleen using brightfield 
and polarised light microscopy. Brown nuclear dots show no evidence of birefringence confirming 
early ring identification. (D) Images of infected red blood cells (iRBCs) from infected spleen using 
brightfield and polarised light microscopy. White arrowheads indicate birefringent pigment within 
iRBCs. These parasites are morphologically the same as rings identified in (C) but differ in pigment, 
indicating later parasite stages.   
 

 

 

Parasite counts were performed in each splenic compartment defined in Section 

3.5.1. For each compartment, 10 high powered fields (HPF) were counted. Only 

clearly defined perifollicular zones were counted with the first sinus lumen of the 

RP marking the boundary between the perifollicular zone and the RP (Figure 3-

15B). For each HPF, total RBCs were counted allowing parasitaemia to be 

determined in each splenic compartment.  
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3.5.3 Splenic Distribution and Accumulation of Parasites by 

Giemsa 

In total, 24 stained tissues were counted where parasites were identified in all 24 

spleens, including non-malarial controls. Few parasites were identified in non-

malarial controls and consisted of only rings/early trophozoites which could be 

confused with free pigment. However, without further validation by IHC 

(performed in Chapter 4), these will be considered as genuine parasite 

identifications. 

  

In all infected spleens, most non-phagocytosed parasites identified were asexual, 

comprising a mean of 64.8% (95% confidence interval (CI): 54.2% to 75.3%), with 

gametocytes accounting for only 0.1% of parasites identified (95% CI: -0.1% to 

0.4%). Of these asexual stages, 48.1% were identified as rings/early trophozoites 

(95% CI: 37.9% to 58.28), with 10.5% (95% CI: 5.3% to 15.6%) identified as 

trophozoites and 6.2% as schizonts (95% CI: 2% to 10.4%) (Figure 3-19A). An 

unclassifiable category was included for counts where a confident identification 

of the nature (parasite or pigment) and stage could not be determined. If this 

category is removed, a mean of 99.5% of all stages identified were asexual (95% 

CI: 98.9% to 100%). Of these asexual stages, 77.3% (95% CI: 66.8% to 88.1%) were 

rings/early trophozoites, 13.9% (95% CI: 7.7% to 20.1%) were trophozoites, and 

8.3% (95% CI: 3.0% to 13.6%) were schizonts (Figure 3-19B).  

 

Most of the non-phagocytosed parasites within the spleen were found in the 

splenic cords with a mean of 51% (95% CI: 43.7% to 59.6%) of asexual stages 

localised to this splenic compartment. The sinus lumens occupied the next largest 

fraction of asexual parasites with a mean of 31% (95% CI: 22.3% to 40.9%) of asexual 

stages localised here. The WP occupied the smallest fractions of total asexual 

parasite distribution (Figure 3-19C). Gametocytes were only found in the splenic 

cords.   
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Figure 3-19. Infected spleens primarily exhibited rings/early trophozoites, with the largest 
concentration of asexual parasites observed in the splenic cords.  (A) Pie chart showing the 
mean proportion of each parasite stage found in the spleen. (B) Pie chart showing the mean 
proportion of each parasite stage found in the spleen when the unclassifiable category was 
removed. (C) Pie chart showing the mean distribution of asexual parasite stages (rings, 
trophozoites and schizonts) in each splenic compartment. SL, sinus lumen; PFZ, perifollicular 
zone; NCS, non-circulatory spaces.   
 

 

 

While investigating the distribution of parasite stages, it was observed that the 

distribution of parasites in the cords was not always uniform. In some cases, a 

higher density of parasites was observed on the periphery of the WP beyond the 

perifollicular zone (Figure 3-20A). This accumulation of parasites consisted of 

predominantly mature stages (late trophozoites and schizonts) (Figure 3-20B). In 

these areas, aggregates of parasites and pigment that appeared to be enclosed 

within a membrane, were identified. These structures, previously undescribed, 

are referred to as parasitic “nests” in this thesis (Figure 3-21). It was 

hypothesised that these “nests” could represent parasites within a large 

macrophage, far larger than the pigmented phagocytes that were previously 

defined (Figure 3-17). The presence of a macrophage nucleus was not always 

clear in parasitic “nests”. Therefore, specific labelling for macrophages will need 

to be performed to confirm whether these aggregates of parasites are examples 

of phagocytosis (Figure 3-21).  
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Figure 3-20. Heterogenous parasite distribution in the spleen. (A) An accumulation of parasites 
was observed beyond the perifollicular zone (PFZ) in the red pulp (RP) cords. (B) The parasite 
stage distribution in these areas were predominantly mature stages (late trophozoites/schizonts) 
identifiable by lobulated pigment and a large blue cytoplasm within red blood cells (RBCs). 
Abbreviations: NCS, non-circulatory space; PFZ, perifollicular zone; PM, postmortem.    
 

  
 

 

 

Figure 3-21. Identification of parasitic “nests”. On the periphery of the white pulp (WP), 
aggregates of parasites and pigment were identified. These aggregates appeared to be enclosed 
within a membrane and were larger in size compared to typical splenic macrophages, or pigmented 
phagocytes (Figure 3-17).    
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The parasitaemia of the spleen and within each splenic compartment was 

calculated based on RBC counts. The mean splenic parasitaemia was found to be 

2.1% (95% CI: 1.0 to 3.2). In each compartment, the highest splenic parasitaemia 

was found in splenic cords (1.2% [95% CI: 0.4 to 2.1]). No significant differences 

were identified between the parasitaemia in splenic compartments except for 

between the splenic cords and sinus lumens compared to non-circulatory spaces 

of the WP where far fewer parasites were observed (Figure 3-22).    

 

 

 
Figure 3-22. Density of asexual parasites in each splenic compartment. The density, or 
parasitaemia, of P. falciparum in each splenic compartment was determined (n=24). No significant 
differences in parasite densities were observed between splenic compartments with the exception 
of sinus lumens (SL) and cords compared to non-circulatory spaces (NCS) (p=0.0008 and p=0.02, 
respectively). Parasitaemia is shown as median with 95% confidence interval. Symbols represent 
individual patients. Statistical test used for each compartmental comparison was the Friedman 
test, followed by post-hoc Dunn’s test to assess pairwise differences. Abbreviations: RBC, red blood 
cell; SL, sinus lumens; PFZ, perifollicular zone; NCS, non-circulatory spaces; NMC, non-malarial 
control. 
 

 

 

3.5.4 Evidence of an Endosplenic Life Cycle? 
Recent evidence has suggested the presence of a cryptic endosplenic life cycle in 

P. berghei and P. vivax (Lee et al., 2018, Kho et al., 2021a). For an endosplenic 

cycle to be present, three conditions are anticipated to be met: firstly, all asexual 

stages are expected to be present within the spleen, secondly, the proportions of 

each parasite stage are expected to be consistent with their duration in the 

lifecycle, and thirdly, the magnitude of parasite densities in the spleen cannot be 

explained by peripheral parasitaemia alone. Assuming parasite growth in the 
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spleen is similar to in vitro conditions, P. falciparum rings and trophozoites 

constitute approximately 75% of the lifecycle (0-36 hpi), while schizonts account 

for the remaining 25% (36-48 hpi).  

 

The stage distribution of parasites within each splenic compartment was first 

investigated. For this, rings and trophozoites were combined into a single 

category. Throughout splenic compartments, there was a significantly higher 

density of rings and trophozoites compared to schizonts and gametocytes across 

all splenic compartments (Figure 3-23). Ring and trophozoite parasitaemia was 

highest in the splenic sinus lumens with a median parasitaemia of 1.2% (95% CI: 

0.5% to 2.34%) which was significantly higher than median parasitaemia observed 

for schizonts and gametocytes (p<0.0001). This pattern was consistent throughout 

splenic compartments where rings and trophozoites had significantly higher 

densities than gametocytes (p<0.0001) and schizonts (in cords p<0.0001, in 

perifollicular zones p=0.007, and in non-circulatory spaces p=0.03) (Figure 3-23).  

 

 

 

Figure 3-23. Ring and trophozoite densities are highest across all splenic compartments. The 
density, or parasitaemia, of each stage of P. falciparum in each compartment was determined 
(n=24). Rings and trophozoites had consistently significantly higher densities compared to schizonts 
and gametocytes across all four splenic compartments analysed.  Parasitaemia is shown as median 
with 95% confidence interval. Symbols represent individual patients. Statistical tests used for each 
compartmental comparison was the Friedman test, followed by post-hoc Dunn’s test to assess 
pairwise differences. Abbreviations: RBC, red blood cell; SL, sinus lumen; PFZ, perifollicular zone; 
NCS, non-circulatory spaces. 
 

 

 

Across the Malawi cohort, all stages of the intraerythrocytic cycle were observed 

in the spleen. However, while all asexual stages were observed, the mean 

proportions of rings/trophozoites in the whole cohort was 91.3% (95% CI: 85.9% to 

96.8%) compared to 8.3% (95% CI: 3.0% to 13.6%) for schizonts. This proportion of 
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schizonts deviates from the anticipated proportion for an endosplenic life cycle 

(~25%), even when considering the 95% CI. When investigating the proportions of 

rings/trophozoites to schizonts across clinical groups, a few cases had higher 

proportions of schizonts, notably CM1 cases. CM1 cases appeared to have the 

highest proportion of schizonts present in the spleen with 61.9% (95% CI: 45.51% 

to 78.2%) of stages identified as rings/trophozoites and 38.1% (95% CI: 21.8% to 

54.5%) of stages identified as schizonts (Figure 3-24). These proportions are more 

suggestive of an endosplenic cycle. It is important to note that in both CM1 cases, 

an accumulation of schizonts was observed on the periphery of the 

WP/perifollicular zones. It is possible that this accumulation is due to parasites 

entering the cords via the marginal zone and getting trapped due to a lack of 

deformability. Alternatively, this parasite accumulation could be explained by an 

ongoing endosplenic cycle localised to these sites.   

 

 

  

 
Figure 3-24. Proportions of asexual stages are not consistent with an endosplenic life cycle. 
The proportion of rings/trophozoites and schizonts were determined according to the total asexual 
counts in the spleen. This was determined for the whole cohort where proportions calculated were 
not consistent with an endosplenic cycle. Proportions for each clinical group were plotted where 
only CM1 cases had proportions that would be consistent with an endosplenic life cycle. 
Abbreviations: SMA, severe malarial anaemia; IP, incidental parasitaemia; NMC, non-malarial 
control. 
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3.6 Chapter Discussion  

3.6.1 BM Decalcification 

Due to the precious nature of these historic samples, the expertise of the 

Veterinary Diagnostics Services (University of Glasgow) was employed for 

sectioning BM samples, given their extensive experience working with bone 

tissues. As part of this service, they evaluated the quality of BM blocks for 

sectioning and would not proceed with sectioning tissues that were insufficiently 

decalcified. From this evaluation, several tissues were not suitable for sectioning 

limiting their use. As a result, I investigated whether reverse processing and 

decalcifying tissues would have a detrimental effect on staining.  

 

Using P. berghei infected tissues, it was demonstrated that the time at which 

decalcification was performed did not have a detrimental effect (Section 3.3). 

However, it was noted that staining using RNAscope was not consistent throughout 

tissues (regardless of when decalcified). It is possible that the inconsistent staining 

in the BM was due to mRNA degradation as a consequence of decalcification, 

despite using a protocol designed to preserve mRNA and an ultrasensitive RNA in 

situ hybridisation assay (RNAscope) (Belluoccio et al., 2013, Wang et al., 2012).  

 

The use of RNAscope on BM from the Malawi cohort was tested. It has previously 

been demonstrated in BM tissues from this cohort that there was a negative 

correlation between RNA integrity number and PMI (Joice et al., 2014). RNAscope 

was therefore tested on three BM samples from cases with varying PMIs. Successful 

RNAscope has previously been performed on trephine BM core biopsies to 

investigate B lymphocyte clonality (Guo et al., 2018) and therefore their optimised 

protocol for BM was used on the Malawi BM tissues. In all BM tissues, it was not 

possible to generate consistent labelling throughout the tissue regardless of PMI. 

While further optimisation of RNAscope for these tissues would be recommended, 

it is possible that RNA quality may not be good enough to perform mRNA targeting 

approaches. Indeed, in work by Guo et al., only 22% of cases exhibited satisfactory 

RNA preservation for the implementation of RNAscope (Guo et al., 2018).  

 

Other factors that may affect RNA integrity in tissues is formalin fixation. The 

modification of nucleic acid by formaldehyde can block base pairing in 
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hybridisation techniques such as RNAscope (Evers et al., 2011). Moreover, the 

duration of decalcification time may affect RNA integrity, especially in larger 

tissues necessitating extended decalcification periods. A similar experimental 

approach as described in Figure 3-4 was established with longer decalcification 

times to determine the effect of duration of decalcification on staining by 

RNAscope. Histological experiments have yet to be completed to determine if 

longer decalcification times has a significant impact on RNA integrity.  
 
Taking this into consideration, a quality control step to identify tissues with good 

RNA preservation would be necessary to select suitable cases for mRNA-based 

approaches. It is likely that only a subset of tissues would be suitable. Following 

the transcriptional characterisation of P. falciparum hypothesised to exist in the 

BM (Chapter 5), it was aimed to validate the identified transcriptional markers in 

the tissues using RNAscope. However, due to time constraints, this was not 

achieved.  

 

3.6.2 Histopathology of the BM and Spleen 

To investigate the histopathology and parasite accumulation in the spleen and BM 

in paediatric severe malaria patients, a number of exclusion criteria were applied 

to the Malawi cohort (Section 3.2). One of these criteria was the exclusion of 

patients with HIV as HIV infection is known to impact the histopathology, organ 

function, and parasite accumulation in the BM and spleen (Delacrétaz et al., 1987, 

Khalil et al., 1996, Flateau et al., 2011, Williams et al., 2016, Joice et al., 2016, 

Heller et al., 2023). In 2022, the total number of children aged 0 to 9 years old 

living with HIV was estimated at 930,000. Of these cases, nearly 85% localised to 

sub-Saharan Africa (UNAIDS, 2023b). In Malawi, it was estimated that 57,000 

children under 15 years old were living with HIV in 2022 (UNAIDS, 2023a). Indeed, 

in the Malawi cohort nearly 20% of patients were HIV positive. Therefore, HIV 

positive patients represent a highly relevant population in Malawi. Consequently, 

the exclusion of these patients is a limitation.    

 

To date, only one detailed study on the histopathology of the BM in patients with 

malaria has been performed. This study was performed in Eastern Thailand (1986) 

where 9 patients with CM were enrolled aged 15 to 78 years old (Wickramasinghe 
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et al., 1987). BM aspirates were taken from the sternum or iliac crest, smeared 

onto glass slides, and then fixed and stained with Giemsa for evaluation. Using 

these BM aspirates, Wickramasinghe et al. observed an increase in the proportions 

of eosinophils, macrophages and plasma cells. Phagocytosed parasites within 

macrophages, or pigmented macrophages, were frequently observed in the 

parenchyma of the BM. iRBCs were observed in both the extravascular spaces and 

binding to sinusoidal endothelial cells in the BM (Wickramasinghe et al., 1987).  

 

Here, a detailed histopathological analysis of the BM in paediatric severe malaria 

was performed by a board-certified comparative pathologist from the American 

College of Veterinary Pathology, specialising in haematopoietic organs. Similar to 

the findings of Wickramasinghe et al. there was a mild elevation of macrophages 

in the BM in malaria cases compared to a minimal elevation in non-malarial 

controls (Table 3-3) (Wickramasinghe et al., 1987). The increase in macrophages 

observed in both malaria cases and non-malarial controls, although minimal in 

controls, is likely a response to infection. The cause of coma in non-malarial 

controls included meningitis caused by Haemophilus influenzae and 

Mycobacterium tuberculosis, and sepsis. The role of macrophages in each of these 

infectious agents, including Plasmodium, has been well documented; therefore, 

the increase in macrophages observed in the BM across groups may be expected 

(Chua et al., 2013, Zhang and Wang, 2014, Ackland et al., 2019, Ahmad et al., 

2022).  

 

Elevated eosinophils were observed in 53% of malaria patients, particularly for 

CM1/CM2 cases, whereas such an increase was not observed in non-malarial 

controls. Eosinophilia is frequently observed in children and pregnant women in 

sub-Saharan Africa due to the high prevalence of helminth infections and malaria 

(Huang and Appleton, 2016, Orish et al., 2021, Emmanuel et al., 2023). In this 

cohort, no helminth infections were diagnosed. The observed increase in 

eosinophils in the BM is likely attributed to P. falciparum infection alone, as this 

parasite is known to induce eosinophilia in children even in the absence of 

concurrent helminth infection (Orish et al., 2021). This finding of elevated 

eosinophils aligns with early observations in BM aspirates from patients with CM 

(Wickramasinghe et al., 1987).  
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The most notable histopathological parameters that varied between malaria 

patients and non-malaria controls were largely attributed to CM1 and CM2 cases. 

The presence of iRBCs was noted in all CM1/CM2 cases with mild to moderate 

pigment compared to minimal or no pigment present in SMA, incidental 

parasitaemia, and non-malarial controls (Table 3-3). Both iRBCs and pigment were 

positively correlated with a high M:E ratio, granulocytic left shift, and increased 

macrophages, all features associated with the response to infection. Further, 

these features were positively correlated with admission parasitaemia indicating 

that the BM is responsive to peripheral parasite load (Figure 3-8).  

 

In both BM and spleen sections, pigment was noted throughout the tissue (Figure 

3-8, 3-11). As discussed in Section 3.4.1 and Section 3.4.4, it is not possible to 

determine whether this pigment is haemozoin, haemosiderin or formalin pigment 

using H&E-stained sections alone. To help decipher what this pigment is, prussian 

blue stains could be used which would allow differentiation between haemozoin 

and haemosiderin, an iron storage complex (Rebelatto, 2018). The higher amount 

of pigment observed in the spleen compared to the BM might be related to splenic 

clearance of parasites and therefore an abundance of haemozoin (Groom et al., 

1991, Buffet et al., 2006, Safeukui et al., 2008). Alternatively, the higher levels 

of pigment might be due to general erythrocyte destruction releasing 

haemosiderin as a consequence of this process (Rebelatto, 2018). The pigment 

observed may also be formalin pigment, which is harder to distinguish from 

haemozoin since they are both brown/black with a granular appearance (Rogerson 

and Ordi, 2014). Formalin pigment deposition has been demonstrated to be 

positively correlated with PMI (Chatzopoulos et al., 2020). It was therefore 

investigated whether pigmentation in the BM or splenic RP was positively 

correlated with PMI. Pigmentation was not significantly correlated (p value > 0.05) 

with PMI in this cohort for both tissues (Figure 3-25). This lack of correlation 

further supports the hypothesis that this pigment is largely attributed to 

haemozoin.  
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Figure 3-25. No correlation was observed between post-mortem interval (PMI) and 
pigmentation. Spearman correlations were performed for pigmentation (semi-quantitative scoring 
between 0 and 4) and PMI in the bone marrow (BM) (A) and spleen (B). For the spleen, pigmentation 
scores were taken from splenic red pulp (RP). 
 

 

 

Where pigment was visible in the splenic WP, this pigment localised to germinal 

centres. Germinal centres are the site of somatic hypermutation of genes encoding 

the B cell receptor generating a panel of B lymphocytes which, based on antigen 

affinity, proliferate, and differentiate into antibody producing plasma cells or 

memory B cells. To engage in the germinal centre response, B cells must recognise 

antigens on their B cell receptor through antigen presentation (Mesin et al., 2016, 

Stebegg et al., 2018). The localisation of pigment to the germinal centres is 

consistent with antigen presentation from phagocytes which have phagocytosed 

either iRBCs or free haemozoin (Figure 3-11B).  

 

Overall, the histopathology in the spleen did not differ greatly between malaria 

cases and non-malarial controls. Both groups exhibited minimal 

disorganisation/disruption of the splenic microarchitecture, mild elevation in 

eosinophils, minimal WP hyperplasia and mild haemorrhage/congestion. Further, 

there was no evidence of inflammation, necrosis, or fibrosis. These mild 

alterations in histopathology are consistent with previous findings investigating 

splenic histopathology in 15 adults with fatal severe falciparum malaria in 

Vietnam. This cohort consisted of 8 patients with CM and 7 patients that had at 

least one additional malaria-related complication such as hyperparasitaemia, 

anaemia, or acute respiratory failure. Here, authors stressed that even mild 

disorganisation of splenic architecture could disrupt splenic function affecting the 

generation of an effective and long-lasting immune response (Urban et al., 2005a). 



 

 

125 
Parameters relating to splenic architecture disruption were positively correlated 

such as disruption of the marginal zones and the blurring of limits between the RP 

and WP (Figure3-13). The relative lesion burden was positive correlated with 

haemorrhage, congestion and pigment in the WP, and other parameters indicative 

of splenic damage.  

 

The lack of apparent differences in the spleen between malaria cases and non-

malarial controls may be due to general disruption of the spleen due to other 

infection, previous episodes of malaria or an inflammatory driven response. For 

example, one non-malarial control had Salmonella septicaemia (PM72, Table 3-

1). Salmonella has been demonstrated to disrupt splenic microarchitecture and 

cause expansion of macrophages and RBCs (Rosche et al., 2015, St John and 

Abraham, 2009, Jackson et al., 2010, Marcial-Juárez et al., 2023). It is unknown 

what the long-term effect of malaria on the histopathology of the spleen is. 

Effective antimalarial therapy typically resolves splenomegaly, a consequence of 

histopathological changes such as RP and WP expansion (McGregor et al., 2015). 

This indirectly suggests that splenic histopathology would return to normal after 

treatment, however, this remains unknown. The most marked changes in splenic 

histopathology among non-malarial controls were observed in PM56, a case 

diagnosed with coma of unknown aetiology. This patient had the highest relative 

lesion burden in the cohort with multiple lesions that were extensive and 

coalesce. It was evident that in this cohort, there is splenic disruption/damage 

observed throughout cases regardless of malaria status. The addition of spleens 

from healthy controls would provide a non-infectious control which will likely not 

exhibit infection/inflammatory driven histopathological changes allowing for a 

more suitable case comparison.  

 

Several studies have demonstrated stress erythropoiesis in the spleen of 

Plasmodium infected mice, the degree of which is related to disease severity 

(Weiss et al., 1989, Villeval et al., 1990, Yap and Stevenson, 1992, Lamikanra et 

al., 2007, Ghosh and Stumhofer, 2021). No studies to date have investigated 

extramedullary haematopoiesis in P. falciparum severe malaria in humans. In our 

cohort, there was no evidence of extramedullary haematopoiesis across all clinical 

groups. It is important to note that this cohort was predominantly comprised of 

CM cases rather than SMA cases. No cases with SMA alone were histopathologically 
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scored here; however, there was no evidence of extramedullary haematopoiesis 

in CM cases with SMA. While no evidence of extramedullary haematopoiesis was 

found, the role of the spleen in stress erythropoiesis may differ in patients with 

SMA or chronic anaemia.   

 

3.6.3 Parasite Accumulation in the Spleen 

The spleen has recently been demonstrated to harbour a substantial non-

phagocytosed parasite biomass in cases of chronic asymptomatic malaria in adults 

(Kho et al., 2021b, Kho et al., 2021a). Parasites of all intraerythrocytic 

developmental stages, with proportions aligning with the duration of each stage 

in the intraerythrocytic life cycle, were observed. Using a similar approach, the 

same splenic compartments were analysed to determine whether a comparable 

accumulation of non-phagocytosed parasites was present in the spleen of 

paediatric P. falciparum severe malaria cases. The use of Giemsa enabled 

identification of each parasite stage in each splenic compartment. For the 

existence of an endosplenic life cycle, all stages of the intraerythrocytic cycle 

should be present in the spleen and in proportions matching their duration in the 

life cycle (e.g., P. falciparum schizonts are expected to comprise ~25% of total 

asexual parasites based on observations from in vitro cultures).   

 

Staging was based on morphological appearance of Giemsa-stained parasites in 

the tissue as described previously (Figure 3-17) (Safeukui et al., 2008, Kho et al., 

2021a, Kho et al., 2021b). Note that the appearance of Giemsa-stained parasites 

in the tissues differs to that of peripheral blood smears. Parasite counts by Giemsa 

in the spleen was initially challenging due to the high levels of pigment throughout 

the RP (Section 3.4.4). Areas with a high level of pigment can obscure parasite 

identification. This is particularly challenging for identifying rings/early 

trophozoites where a blue cytoplasm is not visible within the RBC. This may have 

been the case for non-malarial controls where rings and early trophozoites were 

identified, albeit in far lower densities than observed in malaria cases (Figure 3-

22). To validate these counts, IHC using a marker of all parasite stages, such as 

the constitutive parasite protein HSP70, is required (Shonhai et al., 2007). 
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Although Giemsa-based counts of early gametocytes in the spleen have been 

previously reported, the morphological appearance of this stage was not distinct 

enough to identify here and therefore this stage was not included. Further, very 

few mature gametocytes were identified throughout the spleen. As a fraction of 

the total parasite counts, including unclassifiable counts, only 0.1% of parasites 

were identified as gametocytes (95% CI: -0.1% to 0.4%) (Figure 3-19A). This 

contrasts with previous studies in chronic asymptomatic falciparum malaria in 

adults where 8.3% of total parasites (including unclassifiable stages) were 

identified as gametocytes (Kho et al., 2021a). To validate this finding, IHC 

targeting the gametocyte marker Pfs16 should be performed (Joice et al., 2014). 

 

For all counts, an unclassifiable category was included. This category was used 

where a confident identification of the nature (parasite or pigment) and/or stage 

could not be made. This category comprised 35.1% of all counts and therefore 

parasite counts made here are conservative. The large fraction of unclassifiable 

parasites or stages may be due to the high levels of pigment throughout splenic 

compartments. If this category is removed, parasite distribution in all splenic 

compartments was 77.3% (95% CI: 66.8% to 88.1%) identified as rings/early 

trophozoites, 13.9% (95% CI: 7.7% to 20.1%) as trophozoites and 8.3% (95% CI: 3-

13.6%) as schizonts (Figure 3-19B). Importantly, the spleen revealed the presence 

of all stages of the intraerythrocytic cycle, contrary to the classical view of the 

spleen comprising only rings/early trophozoites through circulation and normal 

splenic filtration.  

 

The distribution of these parasites was not even throughout the spleen. The 

highest parasitaemia was observed in splenic cords followed by perifollicular 

zones. Parasitaemia between compartments was significantly different between 

splenic cords and non-circulatory spaces (p=0.02) and sinus lumens and non-

circulatory space (p=0.0008). In some cases, a large accumulation of parasites 

outside the perifollicular zone was observed consisting predominantly of schizonts 

(Figure 3-20). It is possible that this accumulation of parasites represents 

parasites which have entered the slow circulatory system from the marginal zone 

and, due to the magnitude of parasites present, caused obstruction of the splenic 

cords. This obstruction may lead to an accumulation of parasites, in particular 

schizonts which lack deformability, in this area (Schmidt et al., 1993, Safeukui et 
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al., 2008, Cranston et al., 1984, Deplaine et al., 2011).  Notably, in the same areas 

of intense parasite accumulation, aggregates of parasites that appeared to be 

enclosed within a membrane were identified which I have termed parasitic 

“nests”. I hypothesised that these “nests” represent expanded macrophages that 

are morphologically distinct from pigmented phagocyted as represented in Figure 

3-17. However, the presence of nuclear staining, as expected for macrophages, 

was not always clear or visible (Figure 3-21). Therefore, labelling with the 

macrophage marker anti-CD68 is necessary to determine if these are parasites 

within macrophages (Betjes et al., 1991, Chistiakov et al., 2017). 

 

The original aim was to investigate both the spleen and BM by Giemsa; however, 

issues were encountered with the quality of Giemsa staining in BM sections for the 

Malawi cohort (Figure 3-26). To improve this, the Veterinary Diagnostics Services 

(University of Glasgow) was employed to stain selected tissues. However, it was 

not possible to achieve consistent good quality Giemsa staining across all BM 

sections despite being able to achieve this in Malawi spleen sections and in mouse 

BM sections (Section 3.3.1 and Section 3.5). Further investigation into why 

staining failed in Malawi BM sections is required. For example, staining too many 

slides in a single batch could result in under or over-staining. It may be that the 

protocol used for staining these specific tissues could be modified to improve the 

quality of staining by increasing/decreasing the dilution of Giemsa used. It is 

important to determine whether the staining issues observed here are derived 

from the protocol or from the tissues themselves.    

 

 

 

Figure 3-26. Inconsistent Giemsa staining in Malawi bone marrow (BM).  
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Overall, using Giemsa-stained sections alone, a large density of non-phagocytosed 

parasites in the spleen in paediatric severe P. falciparum malaria was revealed. 

This methodology is advantageous due to its simplicity, time efficiency, and the 

ability to define splenic compartments and stage parasites (Section 3.5.1 and 

Section 3.5.2). However, the substantial presence of pigment, as observed in this 

cohort, introduces challenges in parasite identification and staging. Further, this 

methodology may be considered subjective, necessitating counts from a second 

reader. IHC should be performed to validate counts derived from Giemsa-stained 

tissues.   

 

3.6.4 Evidence of an Endosplenic Life Cycle 

The existence of cryptic asexual replication in haematopoietic niches has been 

hypothesised, however, it has received limited investigation. This is largely due 

to ethical and technical considerations where investigation of such cryptic life 

cycles is challenging, especially in severe malaria. Therefore, previous 

investigations have been performed in mouse models or using splenectomised 

patient samples. Evidence of a cryptic life cycle in the spleen and BM has been 

demonstrated in P. berghei where invasion of early reticulocytes promotes 

gametocytogenesis (Lee et al., 2018). More recently, Kho et al. revealed the 

presence of schizonts in the spleen in proportions matching the duration of 

schizonts in the intraerythrocytic cycle for each species (P. vivax and P. 

falciparum) in chronic asymptomatic malaria in adults. Assuming that parasite 

growth rate in the spleen closely matches that observed in vitro, it is expected 

that P. falciparum rings and trophozoites would constitute approximately 75% of 

the lifecycle (0-36 hpi), while schizonts would constitute ~25% (36-48 hpi).  

 

As mentioned before, all stages of the intraerythrocytic cycle were observed. 

Where schizonts were found, they were predominantly localised to the splenic 

cords in lower densities than observed for rings and trophozoites combined (Figure 

3-23). If the proportion of rings and trophozoites is compared to schizonts, 91.2% 

(95% CI: 85.9% to 96.8%) of parasites identified were rings and trophozoites and 

8.3% (95% CI: 3.0% to 13.6%) were schizonts. This fraction of schizonts, including 

the 95% CI, does not match their duration in the life cycle and therefore does not 
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suggest that there is an ongoing endosplenic cycle. Further, a large contribution 

of schizonts in the cords may be due to cord obstruction of schizonts on the 

periphery of the WP/perifollicular zone in some cases (Figure 3-20).  

 

If you consider each stage independently, over 77% of asexual stages identified 

were rings/early trophozoites suggesting an enrichment of rings in the spleen in 

this cohort. There are several possible explanations for this enrichment of rings. 

One explanation is that rings from peripheral circulation are entering the spleen 

and are being retained in the spleen. Alternatively, quinine, which was the gold 

standard treatment for malaria in Malawi at the time, is only effective against 

mature stages. It is therefore possible that the enrichment of rings observed here 

is due to the activity of quinine which all patients were treated with on admission 

(ter Kuile et al., 1993, Dondorp et al., 2010, Saidi et al., 2023). To address this, 

tissue sections from a comparator organ, such as the lung, could be stained with 

Giemsa to assess parasite stage distribution in a similar manner to the spleen. In 

this cohort, lung involvement and respiratory complications were modest (Milner 

et al., 2013a). The lung is an organ of moderate sequestration which, like the 

spleen, is highly vascularised and therefore a good organ for comparing 

intravascular vs extravascular parasite accumulation (Milner et al., 2015). An 

alternative way to view the data is in relation to the parasite multiplication rate 

(PMR). In rapidly growing parasite populations with high PMRs, you may observe a 

higher ring to mature stage ratio. In populations with a high PMR, for every 

schizont from the last generation, there will be considerably more young stages 

from the new generation. Whereas, in parasite populations with a low PMR, there 

would be a lower ratio of next generation young stages to last generation mature 

stages (Khoury et al., 2014). Therefore, in this cohort where schizonts are not 

observed in proportions consistent with their duration in the life cycle, as 

observed in chronic asymptomatic cases, there may be a rapidly growing parasite 

population. The use of a comparator tissue could help to address the question of 

whether parasites in the spleen are growing with a higher PMR than in other 

tissues.   

 

When considering the whole cohort, there is insufficient evidence to suggest that 

there is an ongoing endosplenic cycle based on parasite stage proportions alone. 

To investigate this further, it is necessary to determine if the magnitude of 
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parasite densities in the spleen could be explained by peripheral circulation alone. 

If parasite densities are so high that they cannot be explained by peripheral 

parasitaemia, this would suggest that an active endosplenic life cycle was ongoing.  

Since this is a treated cohort, it is also important to compare splenic accumulation 

to other tissues. This would reveal whether this parasite accumulation is unique 

to the spleen, revealing a splenic tropism.  

 

3.6.5 Chapter Summary  

The overall aim of this chapter was to use basic histological stains, H&E and 

Giemsa, to investigate the histopathology of the BM and spleen, and to begin to 

investigate the parasite reservoir in the spleen of paediatric severe P falciparum 

malaria cases and non-malarial controls. Overall, in both the spleen and BM, 

histopathological alterations were mild. In the BM, malaria cases displayed a 

greater presence of macrophages, eosinophils, iRBCs, pigment, and a higher M:E 

ratio. These histopathological changes were largely attributed to CM1/CM2 cases. 

In the spleen, no major differences in histopathology were observed between 

malaria and non-malarial controls. Minimal to mild disruption of the splenic 

microarchitecture was observed across all cases which was positively correlated 

with last parasitaemia before death. There was no evidence of extramedullary 

haematopoiesis, high reticulocyte percentages, and only mild congestion. 

 
Evaluation of splenic accumulation of parasites by Giemsa revealed a large 

magnitude of non-phagocytosed parasites in the spleen. The distribution of 

parasites was predominantly in the splenic cords with rings and trophozoites 

comprising the greater life cycle fraction. Overall, there was insufficient evidence 

to suggest that there is an ongoing endosplenic life cycle based on 

intraerythrocytic stage proportions alone. Further investigation into the 

magnitude of splenic accumulation compared to peripheral circulation and other 

organs is required (Chapter 4).  
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Chapter 4 | Using IHC to determine splenic 
tropism and the presence of an endosplenic 
life cycle 
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4.1 Introduction 

In the previous chapter, the accumulation of non-phagocytosed parasites started 

to be investigated using the basic histological stain, Giemsa. This allowed the 

distribution of parasites to be determined revealing that the highest parasite 

densities were found in the splenic cords. In this same compartment, there was 

evidence of all stages of the intraerythrocytic cycle, including few gametocytes. 

To validates these findings, immunohistochemistry (IHC) was performed to label 

specific host and parasite markers in the tissue.   

 

4.1.1 Sequestration Across Multiple Organs 

Kho et al., investigated splenic parasite accumulation in asymptomatic patients 

undergoing splenectomy mostly due to splenic injury caused by trauma. Only 

spleen tissue and peripheral blood could be analysed in this cohort from Timika, 

Indonesia, where transmission is unstable (Kho et al., 2021a, Kho et al., 2021b). 

While estimates were made for the biomass in the BM, it was not possible to 

compare parasite biomass between organs using the same methodology as the 

spleen which would confirm the presence of a splenic tropism. In P. falciparum, 

a major virulent factor is the Plasmodium falciparum erythrocyte membrane 

protein 1 (PfEMP1) which allows the parasite to sequester in deep tissues through 

binding interactions between PfEMP1 and endothelial cell receptors (Section 

1.2.1). Consequently, parasites sequester in all tissues, including the spleen.  

 

In the same cohort presented here from Blantyre, Malawi, sequestration in the 

capillary beds in multiple organs was assessed. In all patients, sequestration 

intensity was highest in the brain, followed by the gastrointestinal tract (Milner 

et al., 2015). In the brain, parasite sequestration was associated with cerebral 

malaria (CM), the cause of death for most patients in this cohort (Table 3-1). The 

impact of gastrointestinal sequestration remains poorly defined (Sey et al., 2020). 

However, murine models of malaria (Plasmodium yoelii) have revealed that 

Plasmodium infection is associated with intestinal inflammation, dysbiosis of the 

intestinal microbiome, increased intestinal permeability, and increased 

colonisation of Escherichia coli and non-typhoidal Salmonella (Chau et al., 2013, 
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Mooney et al., 2015). Higher sequestered parasite densities were associated with 

cases of more rapid disease (CM1) across all organs analysed, in particular the 

spleen. Cases of CM associated with slightly more prolonged disease and 

histopathological changes in the brain (CM2), were associated with intense 

parasite sequestration in the skin. The lung, heart, stomach and spleen (exception 

in CM1 cases) represented organs with medium sequestration (Milner et al., 2015). 

This was supported by a separate study in Malawi utilising Plasmodium lactate 

dehydrogenase (pLDH) in the plasma to assess parasite organ distribution. This 

study revealed that the highest pLDH levels, and therefore parasite loads, were 

in the cerebral cortex, intestine, and skin for paediatric CM cases (Seydel et al., 

2006). Due to this multiorgan sequestration, evaluating other organs and their 

respective compartments enable the determination of specific organ tropisms.  
 

4.1.2 Reticulocytes in the Spleen 

Previous studies investigating cryptic life cycles in the haematopoietic niches of 

the host have noted that the spleen is rich in erythroid precursors, or 

reticulocytes, providing young red blood cells (RBCs) to support an endosplenic 

life cycle (Lee et al., 2018, Kho et al., 2021a). In P. berghei infected mice, the 

invasion of erythroid precursors by Plasmodium in these niches renders parasites 

less susceptible to artemisinin, potentially facilitating the emergence of 

resistance (Lee et al., 2018). In chronic asymptomatic malaria cases (P. vivax and 

P. falciparum), an enrichment of reticulocytes was observed in the spleen 

compared to peripheral blood (Kho et al., 2021a). Indeed, it is known that the 

spleen contributes to the final maturation of reticulocytes (Li et al., 2021a). 

Reticulocytes in the spleen under normal circumstances are equally deformable 

as mature RBCs (Ovchynnikova et al., 2018). However, reticulocytes in the spleen 

of adults with chronic asymptomatic malaria, were observed to have reduced 

deformability which allowed for mechanical retention (Kho et al., 2021a). 

Furthermore, reticulocyte densities were highest in the splenic cords co-localising 

with parasites.  (Kho et al., 2021a). Reticulocytes are known to have reduced 

deformability compared to mature RBCs, however, under normal circumstances 

they are not retained in the spleen (Moura et al., 2019). It is possible that during 

Plasmodium infection, reticulocytes become less deformable through an unknown 

mechanism resulting in their retention in the spleen providing a niche for parasite 
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invasion. It is known that parasite invasion induced increased host cell 

deformability (Groomes et al., 2022). However, in this study, it was not 

determined whether parasites were invading splenic reticulocytes (Kho et al., 

2021a).   

 

It is unknown whether paediatric severe P. falciparum malaria results in splenic 

retention of reticulocytes. In the previous chapter, the presence of 

extramedullary haematopoiesis, and therefore production of reticulocytes, in the 

spleen was investigated in malaria cases and non-malarial controls. No evidence 

was found for extramedullary haematopoiesis in the spleen based on 

histopathology (Section 3.4.4). Moreover, histopathological evaluation of the 

percentage of immature RBCs in the spleen indicated low proportions of 

reticulocytes. To validate these findings, IHC labelling of the reticulocyte marker, 

CD71, should be performed. It is important to note that for both P. berghei and 

P. vivax, where cryptic life cycles in the haematopoietic niches were associated 

with reticulocyte pools, parasites are restricted to reticulocytes for invasion (Lee 

et al., 2018, Kho et al., 2021a). Therefore, a pool of reticulocytes in the spleen 

may not be necessary to support an endosplenic life cycle for P. falciparum.   

 

4.1.3 Gametocytes in the Spleen 

The first identification of gametocytes in the spleen was in 1894 by Marchiafava 

and Bignami (Marchiafava, 1894). More recently, gametocytes were identified by 

Kho et al., using Giemsa-stained spleen sections from chronic asymptomatic 

malaria patients. For P. vivax cases (n=6), gametocytes were only observed in one 

patient localised to the perifollicular zones of the spleen. For P. falciparum cases, 

gametocytes were observed in 6 cases (n=9) accounting for 8.3% of parasites 

identified in the spleen (Kho et al., 2021a). It is not clear whether the gametocyte 

stages identified in the spleen were immature stages or stage V gametocytes which 

are normally found in circulation. From this data, there may be a role of the spleen 

in either gametocyte formation or development for P. falciparum, but not for P. 

vivax, although note the small sample sizes. The contribution of the spleen 

towards gametocyte formation and development in paediatric severe P. 

falciparum malaria cases remains unknown.  
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In the previous chapter, the presence of gametocytes using Giemsa-stained spleen 

section from paediatric severe P. falciparum malaria cases and non-malarial 

controls was evaluated. Here, few gametocytes were observed accounting for 0.1% 

of parasite stages identified in the spleen (Figure 3-18). Only mature gametocytes 

could be evaluated based on their distinct morphology in Giemsa-stained tissue 

sections (Figure 3-16); these gametocytes were exclusively localised to the 

splenic cords (Figure 3-22). Due to the difficulties in identifying gametocytes in 

the spleen by Giemsa, it is necessary to perform IHC using a gametocyte specific 

antibody to confirm the lack of gametocytes in the spleen in these cases. 

   

4.1.4 Sexual Commitment in the Tissue 

The bone marrow (BM) has been identified as the site of gametocyte development; 

however, it remains unknown where gametocyte formation occurs. Two models 

have been proposed to explain how an enrichment of immature gametocytes is 

established in the BM in humans: either through selective homing of sexually 

committed merozoites or early gametocytes to the BM, where sexual commitment 

occurs outside of the BM, or via an endogenous asexual replication cycle within 

the BM that promotes sexual commitment (Nilsson et al., 2015). To investigate 

this, De Niz et al. utilised intravital microscopy to monitor gametocyte behaviour 

during P. berghei infection. This revealed that, early in infection, early 

gametocytes preferentially homed to the haematopoietic niches of the mouse (BM 

and spleen). The parasite accumulation in the BM increased during disease 

progression coinciding with vascular leakage in the BM and spleen, likely the result 

of inflammation. From this study, the following model was proposed: early in 

infection, early gametocyte stages preferentially home to the haematopoietic 

niches entering the extravascular compartment. As the disease progresses, high 

levels of inflammation result in vascular leakage in the sinusoids of the 

haematopoietic niches which results in extravasation of sexually committed and 

asexual merozoites into the extravascular spaces. Here, an endogenous asexual 

replication cycle can be established. Gametocytes mature in the extravascular 

compartment of the BM before a deformability switch which allows their release 

into circulation for onward transmission (De Niz et al., 2018). 
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Sexual commitment is environmentally sensitive. One environmental factor which 

has been demonstrated to regulate sexual commitment is the serum phospholipid 

lysophosphatidylcholine (LysoPC) (Brancucci et al., 2017). Specifically, depletion 

of LysoPC triggers sexual commitment and gametocyte formation in Plasmodium 

species with LysoPC responsive genes. Primate Plasmodium species, such as P. 

falciparum, P. vivax and P. knowlesi, possess LysoPC responsive genes such as 

gdv1 (PF3D7_0935400) and therefore, at least in theory, are inducible by LysoPC 

depletion. However, rodent Plasmodium species lack these LysoPC responsive 

genes and consequently have different mechanisms for sexual commitment 

compared to primate species. Most notably, P. berghei exhibits same cycle 

commitment where commitment occurs in ring stages with gametocyte 

development occurring within the same cycle (Mons, 1986, Voss and Brancucci, 

2024). In contrast, P. falciparum exhibits next cycle commitment, where 

commitment occurs in the cycle preceding gametocyte development (Bancells et 

al., 2019, Voss and Brancucci, 2024). While regulation of sexual commitments 

varies between primate and rodent Plasmodium species (as reviewed by Voss and 

Brancucci (Voss and Brancucci, 2024)), mouse models can still provide insights into 

physiological variation in LysoPC levels during Plasmodium infection. In P. berghei 

infected mice, LysoPC concentrations were demonstrated to be reduced 

systemically compared to uninfected controls. This reduction in LysoPC levels may 

be explained through the uptake and turnover of LysoPC by high parasite densities. 

Furthermore, BM aspirates from infected mice were found to exhibit a depletion 

in LysoPC compared to serum (Brancucci et al., 2017). This suggests that the local 

depletions in LysoPC concentration in the BM may trigger sexual commitment in a 

tissue specific manner. Additionally, inflammatory environments during acute or 

severe infection may also promote sexual commitment, possibly outside of the 

BM.  

 

In a study of 828 children in Kilifi, Kenya, with asymptomatic, uncomplicated, and 

severe malaria, inflammatory responses were associated with reduced plasma 

LysoPC concentrations, which in turn was associated with markers of sexual 

reproduction (i.e., ap2-g expression) (Abdi et al., 2023). This validated previous 

findings in mouse models that inflammation results in physiological variation in 

LysoPC concentration which is linked to sexual reproduction. Therefore, 
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physiological variation in LysoPC concentrations, either systemically or in specific 

tissue compartments, may regulate sexual commitment and gametocytogenesis.  

 

4.1.5 Chapter Aims and Hypotheses 

In the previous chapter, high densities of non-phagocytosed parasites of all blood 

developmental stages were identified in the spleen of paediatric severe malaria 

cases. These parasites were found predominantly in the splenic cords. The 

proportion of schizonts observed in these cases does not suggest the existence of 

an endosplenic life cycle. To explore this further, it is necessary to determine 

whether parasite densities in the spleen could be explained by the retention of 

peripherally circulating parasites alone. To determine if there is a hidden biomass 

of intact parasites in the spleen, and therefore a splenic tropism, it is necessary 

to compare parasite biomass between different organs and the blood.  

 

Erythroid precursors and reticulocytes have been implicated in supporting cryptic 

life cycles in the haematopoietic niches in P. berghei, P. vivax, and P. falciparum 

(Lee et al., 2018, Kho et al., 2021a). In Chapter 3, histopathological evaluation 

of the spleen in paediatric severe P. falciparum malaria cases revealed that there 

was no extramedullary haematopoiesis in the spleen, and the percentage of 

immature RBCs was low. To confirm that the spleen does not exhibit an 

enrichment of reticulocytes, it is necessary to perform IHC targeting reticulocytes 

and compare splenic reticulocytaemia with peripheral reticulocytaemia. 

 

In chronic asymptomatic P. falciparum malaria, 8.3% of parasites identified in the 

spleen were gametocytes suggesting a possible role of the spleen in gametocyte 

formation and/or development. However, the contribution of the spleen towards 

gametocyte formation and development in paediatric P. falciparum severe 

malaria remains unknown. It has previously been demonstrated that the BM is 

enriched in gametocytes; however, it is unknown how this enrichment is 

facilitated in humans.  

 

The overall aim of this chapter was to validate and expand on findings from 

Chapter 3 and to explore the role of the spleen and the BM in gametocyte 

formation and development in paediatric severe P. falciparum malaria using IHC. 
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Specifically, in this chapter I aimed to: 

• Investigate the presence of an endosplenic life cycle in paediatric severe 

P. falciparum malaria cases.  

• To determine if there is a significant parasite biomass in the spleen, and 

therefore, a splenic tropism.  

• To investigate the role of the spleen in gametocyte formation and 

development.  

• To determine if there is evidence of sexual commitment in the BM.   
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4.2 Parasite Accumulation in the Spleen, BM, and Lung 

To validate the previous observation that there was a large accumulation of non-

phagocytosed parasites, predominantly in the splenic cords, IHC was performed 

using antibodies against the conserved constitutive parasite protein, heat shock 

protein 70, HSP70 (LSBio; LS-C109068), and the endothelial marker, CD31 (Novus 

Biologicals; NB100-2284). To determine if there is a splenic tropism in this cohort, 

a comparative analysis between the spleen, BM, and lung was performed. Here, 

the lung was used as a comparator tissue; the lung is a highly vascularised organ 

(like the spleen) with a mixture of vessel sizes and moderate sequestration (Milner 

et al., 2015). 

 

4.2.1 Validating Giemsa Counts  

By IHC, it was difficult to distinguish the perifollicular zone. Therefore, the 

perifollicular zone was not included in IHC counts for the spleen. Among the 24 

spleens analysed, a mean of 66.3% (95% CI: 57.4% to 75.3%) of parasites were found 

in the splenic cords. The sinus lumens contained the next highest proportion of 

splenic parasites, with a mean of 29.9% (95% CI: 20% to 39.8%), followed by the 

non-circulatory spaces, which had a mean of 3.8% (95% CI: 0.9% to 0.6%) (Figure 

4-1A). These proportions were comparable to those observed in Giemsa-stained 

spleen sections (Figure 4-1B). The discrepancy in mean proportion of parasites 

localised to the splenic cords between the two methods is likely due to the 

exclusion of the perifollicular zone in IHC counts.  
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Figure 4-1. Parasite distribution in the spleen was comparable between immunohistochemistry 
(IHC) and Giemsa counts. Pie charts showing the mean proportion of parasites within each splenic 
compartment quantified by IHC and Giemsa. Each pie chart represents proportions across all 
clinical groups. Abbreviations: SL, sinus lumen; NCS, non-circulatory spaces; PFZ, perifollicular 
zone. 
 

 

 

To measure the agreement between Giemsa and IHC counts, a Bland-Altman plot 

was generated determine the mean difference between the two counting 

methodologies (Bland and Altman, 1986, Myles and Cui, 2007). Most counts cluster 

around the mean difference, however, there were two outliers which fall out with 

the limits of agreement. Overall, the two counting methodologies are in 

agreement (Figure 4-2).   

 

 

 

Figure 4-2. Counts performed by immunohistochemistry (IHC) and Giemsa were comparable. 
Bland-Altman plot showing the level of agreement between Giemsa and IHC counts. The 
distribution of differences between the two counting methodologies is shown giving an insight into 
their concordance. Purple dashed lines mark 95% confidence intervals (CI), or the limits of 
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agreement. Abbreviations: IHC, immunohistochemistry; PM, post-mortem (i.e., the number of the 
post-mortem performed used for patient identification). 
 

 

 

4.2.2 Parasite Distribution in the Spleen, BM, and Lung  

The distribution of P. falciparum in spleen, BM, and lung compartments was 

determined by HSP70/CD31 dual IHC staining. Since comparable results were 

achieved between Giemsa and IHC counts, the mean counts between these two 

methodologies were used in all subsequent analyses. As a result, a total of 25 

spleens were analysed. In the interest of having consistent nomenclature between 

organs, sinus lumens, capillaries and post-capillary venules are classified as small 

vessels (denotated as SV in figures). Large vessels (denotated as LV in figures) can 

be distinguished from small vessels based on morphology and staining intensity of 

CD31. Counts within large vessels can be used to determine peripheral 

parasitaemia using the same modality as in the tissues. Using large vessels allows 

counting of parasites in vessels which are independent of classical sequestration 

(i.e., parasites in circulation).  

 

Taking both Giemsa and IHC counts into consideration, a mean proportion of 62.6% 

(95% CI: 54.7% to 70.38%) of parasites were localised to the splenic cords. A similar 

mean proportion of 69.6% (95% CI: 51.6% to 87.56%) of parasites identified in the 

BM were found to localise to the extravascular space of the parenchyma. This 

contrasts with the lung where most parasites were found in small vessels. Here, a 

mean proportion of 68.7% (95% CI: 44.7% to 92.8%) of parasites were localised to 

the small vessels. Therefore, the distribution of parasites in the spleen and BM 

differs from that of the lung, where the vascular spaces are the predominant 

compartments of parasite accumulation (Figure 4-3).  
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Figure 4-3. Distribution of parasites in the spleen, bone marrow (BM), and lung. Pie charts 
showing the mean proportion of parasites within each organ compartment by IHC (CD31/HSP70). 
Spleen distributions are based on both Giemsa and IHC counts. Each pie chart represents 
proportions across all clinical groups.  Abbreviations: SV, small vessels; NCS, non-circulatory 
spaces; LV, large vessels. 
 
 

 

Through IHC, splenic P. falciparum infection was found in 14/25 (56%) patients. 

Interestingly, one patient (PM56), which was classified as a non-malarial control, 

had HSP70+ parasites despite undetectable peripheral parasitaemia by PCR as 

measured on admission. Among non-malarial controls, this case also had the most 

marked histopathological changes in the spleen. Across the patients analysed for 

histopathological changes in the spleen, this patient had the highest relative 

lesion burden overall (Section 3.6.2). The presence of splenic parasites in cases 

where no parasites were detected by peripheral parasitaemia has previously been 

observed in chronic asymptomatic malaria cases in adults (P. falciparum and P. 

vivax) (Kho et al., 2021b, Kho et al., 2021a). In this cohort, all patients were 

treated with intravenous quinine dihydrochloride upon admission. However, 

where treatment is based on the identification of peripherally circulating P. 

falciparum, these cases would likely be missed which could lead to relapses.    

 

To determine the parasitaemia, or parasite density, for each splenic compartment 

(cords, sinus lumen and non-circulatory spaces), the mean parasite count between 

Giemsa and IHC, and the RBC count from Giemsa-stained tissues, was used 

(Section 2.3.4.1). The parasite density was significantly higher in the small 

vessels (p = 0.002) and the splenic cords (p = 0.012) compared to the non-

circulatory spaces of the spleen (Figure 4-4, 4-5).  
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Figure 4-4. Splenic distribution of P. falciparum by immunohistochemistry (IHC). 
Representative images of splenic compartments and parasites with corresponding parasite 
densities (parasitaemia). Parasites were labelled using antibodies against HSP70 (pink; chromogen 
Vector Red). Intravascular compartments were determined using antibodies against CD31 (brown; 
chromogen DAB). Black dashed lines represent sinusoid lining. Parasitaemia is shown as median 
with 95% confidence interval. Symbols represent individual patients. Abbreviations: RP, red pulp; 
RBC, red blood cell, NMC, non-malarial control; SV, small vessels; NCS, non-circulatory spaces. 
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Figure 4-5. Parasite density is significantly higher in small vessels and cords compared to non-
circulatory spaces. The density, or parasitaemia, of P. falciparum in each splenic compartment 
was determined (n=24).  Parasitaemia is shown as median with 95% confidence interval. Symbols 
represent individual patients. Statistical tests performed was the Friedman test, followed by post-
hoc Dunn’s test to assess pairwise differences. Abbreviations: RBC, red blood cell; SV, small 
vessels; NCS, non-circulatory spaces; NMC, non-malarial control. 
 

 

 

By Giemsa, in some cases, a notable enrichment of parasites was observed 

surrounding the WP (Figure 3-20). Using HSP70, this heterogenous distribution 

was confirmed (Figure 4-6). The heterogeneous distribution of parasites within 

the RP cords could be attributed to obstruction of the cords in these regions where 

substantial parasite accumulation impacts the local microcirculation.  
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Figure 4-6. Heterogeneous distribution of parasites in the spleen. Representative images of 
parasite accumulation surrounding the white pulp (WP) beyond the perifollicular zone (PFZ). 
Parasites were labelled using antibodies against HSP70 (pink; chromogen Vector Red). Endothelial 
cells were labelled using antibodies against CD31 (brown; chromogen DAB). Abbreviations: WP, 
white pulp, PFZ, perifollicular zone. 
 

 

 

For the BM, three distinct compartments – parenchyma, sinuses (which were 

classified as small vessels), and large vessels – were identified based on CD31 

labelling. Among the 22 patients analysed, BM parasitaemia was identified in 14 

cases (63.6%). For each compartment, RBCs were quantified based on their 

appearance by IHC allowing calculation of parasitaemia for each compartment. 

Parasite densities were significantly higher in the BM parenchyma (p = 0.028) 

compared to the small vessels of the BM. It is important to note that BM vessel 

parasitaemia may not be representative of peripheral parasitaemia due to the 

difficulty in counting RBCs and parasites in the vessels of the BM (Figure 4-7, 4-

8). 
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Figure 4-7. Bone marrow (BM) distribution of P. falciparum by immunohistochemistry (IHC). 
Representative images of BM compartments and parasites with corresponding parasite densities 
(parasitaemia). Parasites were labelled using antibodies against HSP70 (pink; chromogen Vector 
Red). Intravascular compartments were determined using antibodies against CD31 (brown; 
chromogen DAB). Black dashed lines represent sinusoid lining. Parasitaemia is shown as median 
with 95% confidence interval. Symbols represent individual patients. Abbreviations: BM, bone 
marrow; RBC, red blood cells; SV, small vessels; LV, large vessels; NMC, non-malarial control. 
 

 

 

 



 

 

148 
Figure 4-8. Parasite densities were significantly higher in the BM parenchyma compared to the 
small vessels (SV). The density, or parasitaemia, of P. falciparum in each BM compartment was 
determined (n=22). Parasitaemia is shown as median with 95% confidence interval. Symbols 
represent individual patients. Statistical tests used for each compartmental comparison was the 
Friedman test, followed by post-hoc Dunn’s test to assess pairwise differences. Abbreviations: 
RBC, red blood cells; SV, small vessel; LV, large vessel; NMC, non-malarial control.  
 

 

 

The lung was included as a comparator organ since it is a highly vascularised organ 

with moderate sequestration (Milner et al., 2015). For the lung, three 

compartments were identified based on CD31 labelling – the parenchyma, 

capillaries and post capillary venules (which are grouped as small vessels), and 

large vessels. Across all clinical groups, parasites were identified in 9 of 11 (81.8%) 

patients. Parasite densities were significantly higher in the small vessels (p = 

0.043) of the lung compared to the lung parenchyma. The parasite densities in the 

small vessels of the lung likely represents classical sequestration (Figure 4-9, 4-

10).  
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Figure 4-9. Lung distribution of P. falciparum by immunohistochemistry (IHC). Representative 
images of lung compartments and parasites with corresponding parasite densities (parasitaemia). 
Parasites were labelled using antibodies against HSP70 (pink; chromogen Vector Red). 
Intravascular compartments were determined using antibodies against CD31 (brown; chromogen 
DAB). Parasitaemia is shown as median with 95% confidence interval. Symbols represent individual 
patients. Abbreviations: RBC, red blood cells; SV, small vessels; LV, large vessels; NMC, non-
malarial control. 
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Figure 4-10. Parasite densities were significantly higher in the small vessels (SV) of the lung 
compared to the lung parenchyma. The density, or parasitaemia, of P. falciparum in each lung 
compartment was determined (n=11). Parasitaemia is shown as median with 95% confidence 
interval. Symbols represent individual patients. Statistical tests used for each compartmental 
comparison was the Friedman test, followed by post-hoc Dunn’s test to assess pairwise differences. 
Symbols represent individual patients. Abbreviations: RBC, red blood cells; SV, small vessel; LV, 
large vessel; NMC, non-malarial control. 
 

 

 

Overall, the parasite distribution between organs differs where parasite densities 

were predominantly in the intravascular spaces of the lung in contrast to the BM 

and spleen. This intravascular parasite density is likely attributed to classical 

vascular sequestration.   

 

4.2.3 Comparison of Parasite Accumulation Between Organs  

To determine whether a marked splenic tropism occurs in paediatric severe 

malaria, the total organ parasitaemia was calculated in the spleen, BM, and lung. 

In addition, peripheral parasitaemia at the time of death was determined using 

the large vessels of the lung allowing the calculation of peripheral parasitaemia 

by the same modality as tissues. The spleen, BM, and lung parasitaemia excluded 

parasite counts from large vessels.  

 

The mean total parasitaemia in each organ was 1.86% (95% CI: 0.73% to 2.99%), 

0.02% (95% CI: 0.00% to 0.04%) and 0.02% (95% CI: 0.00% to 0.03%) for the spleen, 

BM, and lung respectively. The mean peripheral parasitaemia based on 

parasitaemia in large lung vessels was 0.23% (95% CI: 0.00% to 0.46%). The mean 

spleen parasitaemia in severe malaria cases (1.86%) was comparable to the mean 

spleen parasitaemia in the Kho et al. chronic asymptomatic P. falciparum malaria 

cohort (1.53%) (Kho et al., 2021a). However, the mean peripheral parasitaemia 

between the two cohorts differed from 0.23% in the Malawi cohort to 0.007% in 

chronic asymptomatic P. falciparum malaria cases. Therefore, the difference 

between splenic and peripheral parasitaemia is more drastic in chronic 

asymptomatic adults compared to this cohort of paediatric severe malaria. 

Parasite densities were significantly higher in the spleen compared to the BM (p < 

0.0001), lung (p = 0.0006), and peripheral parasitaemia (p = 0.0008; lung large 

vessels) (Figure 4-11). Parasites therefore accumulate in higher densities in the 

spleen compared to the organs analysed here.   
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Figure 4-11. Spleen parasite densities are significantly higher than bone marrow (BM), lung, 
and peripheral blood parasite densities. The mean density, or parasitaemia, of P. falciparum in 
each organ and in the large lung vessel (LV) as a proxy for peripheral circulation. Total organ 
parasitaemia for BM and lung did not include large vessel parasitaemia. Parasitaemia is shown as 
mean with 95% confidence interval (CI). Splenic parasitaemia was significantly higher than 
parasitaemia observed in the BM (p<0.0001), lung (p=0.0006), and in the large vessels of the lung 
(p=0.0008). Statistical tests used for each compartmental comparison was the Kruskal-Wallis test, 
followed by post-hoc Dunn’s test to assess pairwise differences. Symbols represent individual 
patients.  Data from Kho et al., 2021 was included as a comparator cohort of chronic asymptomatic 
malaria (P. falciparum) (Kho et al., 2021a). Abbreviations: RBC, red blood cell; BM, bone marrow; 
LV, large vessel. 
 

 

 

4.2.4 Splenic Parasite Retention vs Endosplenic Life Cycle 

Based on parasite densities alone, there was a significantly higher parasite density 

observed in the spleen compared to the BM, lung, and peripheral circulation. The 

parasite densities in the spleen were observed to be 8 times higher than in 

peripheral circulation. Like Kho et al, the aim was to investigate whether the 

extent of P. falciparum accumulation in the spleen could be attributed to splenic 

retention or whether this difference could be explained by the existence of an 

endosplenic life cycle. To determine if the magnitude of parasite densities in the 

spleen were the result of either parasite retention or a possible endosplenic life 

cycle, the following considerations needed to be made. Of the patients analysed 
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here, 5 patients received blood transfusions during hospitalisation (Table 3-2). 

Since the estimations for splenic retention require total blood volume and splenic 

blood volume, these patients were removed from the subsequent calculations. 

After removing these patients, the mean splenic parasitaemia of malaria cases 

was 1.97% and peripheral parasitaemia was 0.33%. For each patient, total blood 

volume was calculated based on the relationship between total blood volume and 

body weight. The total blood volume of a child is ~75-80 mL/kg depending on their 

age; for this cohort, all children were above 3 months old and therefore the age 

factor was 75 mL/kg (Howie, 2011, Koperska, 2023).  Based on this, the mean 

total blood volume of the cohort was determined to be 830 mL.  

 

Through ex vivo flushing experiments, the splenic blood volume was found to be 

15 mL/100g of splenic tissue (Kho et al., 2021a). The mean splenic blood volume 

of malaria cases without blood transfusions was 13.39 mL. To determine the 

retention rate, the splenic input parasitaemia was calculated based on the ratio 

of total blood volume to splenic blood volume giving an input parasitaemia of 

0.032%. Based on a mean peripheral parasitaemia of 0.33%, 9.52% of circulating 

parasites were retained in the spleen. This retention rate is consistent with ring 

retention rates determined by ex vivo spleen perfusion experiments to be ca. 10% 

(Safeukui et al., 2008). This observation is supported by the enrichment of 

rings/early trophozoite stages observed in Giemsa-stained tissues (Section 3.5.3, 

Figure 3-18, 3-22). Therefore, the splenic parasitaemia in acute paediatric P. 

falciparum could be explained by retention of peripherally produced P. 

falciparum infected RBCs (iRBCs) alone. Calculations for retention rate is detailed 

in Section 2.3.4.3.  

 

4.2.5 Comparison of Parasite Biomass Between Organs  

While the spleen exhibits higher parasite densities compared to other organs and 

the peripheral blood, it is important to know the total parasite load, or biomass, 

within each organ. This may provide a better indication of the true parasite organ 

distribution, and therefore, determine if there is a splenic tropism in these cases. 

The total parasite biomass was calculated for each organ based on organ weight 

and density. For peripheral biomass calculations, the iRBCs/µL of blood and total 

body blood volume was used (calculations detailed in Section 2.3.4.2).  
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The parasite biomass in the spleen (p < 0.0001), BM (p=0.004), and lung (p=0.012), 

were significantly higher than the circulating parasite biomass. However, there 

was no significant difference in parasite biomass between organs. This suggests 

that there is not a splenic tropism in terms of parasite biomass in paediatric severe 

malaria cases (Figure 4-12). The higher parasite biomass in tissues compared to 

peripheral blood is likely due to quicker clearance of parasites in circulation 

compared to in the tissues following antimalarial treatment. It is likely that the 

biomass in other organs, such as the brain which is known to have the high levels 

of parasite sequestration, is higher than the biomasses determined here (Milner 

et al., 2015).   

 

 

 

 
Figure 4-12. The spleen did not have a significantly higher parasite biomass compared to other 
organs. The parasite biomass was determined for each organ and peripheral blood. Calculation of 
bone marrow (BM) and lung biomass did not include large vessels. Parasitaemia is shown as mean 
with 95% confidence interval (CI). Parasite biomass was significantly higher in the spleen 
(p<0.0001), BM (p=0.004), and lung (p=0.012) compared to peripheral parasite biomass. However, 
there was no significant difference (ns) in parasite biomass between organs. The statistical test 
used for each compartmental comparison was the Kruskal-Wallis test, followed by post-hoc Dunn’s 
test to assess pairwise differences. Symbols represent individual patients. Abbreviations: BM, bone 
marrow.  
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Overall, there were significantly higher parasite densities in the spleen compared 

to the BM, lung, and peripheral circulation. While the magnitude of parasite 

densities was high compared to other organs, the density could be explained be 

retention of peripherally circulation parasites alone and therefore not suggestive 

of an endosplenic life cycle. Furthermore, when comparing the parasite biomass 

between organs and peripheral blood, there was no significant difference 

observed between organ biomasses suggesting that there is not a splenic tropism 

in paediatric severe malaria cases. Note that these findings are based on the tissue 

sections analysed from this cohort.   

 

4.3 Confirmation of Non-Phagocytosed Parasites 

4.3.1 Splenic Macrophage Distribution   

To confirm observations made in Giemsa-stained tissue that most parasites were 

non-phagocytosed, spleen sections were stained with the macrophage marker 

anti-CD68 and HSP70 (Figure 4-13) (Betjes et al., 1991, Chistiakov et al., 2017). 

Phagocytosed parasites were identified as pink HSP70+ parasites within a blue 

CD68+ macrophage. Overall, there were significantly more macrophages observed 

in the RP compared to the WP for both severe malaria patients (p = 0.02) and non-

malarial controls (p = 0.05). There was no significant difference observed in 

macrophage numbers between malaria cases and non-malarial controls (Figure 4-

14).  
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Figure 4-13. Parasite localisation with splenic macrophages. Representative images of the 
localisation of macrophages and parasites in spleen sections. Macrophages were labelled with the 
macrophage marker anti-CD68 (blue; chromogen Vector Blue) and parasites were labelled with 
anti-HSP70 (pink; chromogen Vector Red). Zoomed in image panels highlight phagocytosed 
parasites with dual HSP70/CD68 staining. 
 

 

 

 
Figure 4-14. There is no significant difference in macrophage numbers between malaria cases 
and non-malaria controls. Median macrophage counts per 10 high powered fields (HPF) in the 
splenic red and white pulp across severe malaria cases and non-malarial controls (NMC). Data is 
presented as median values with 95% confidence interval (CI). There were significantly more 
macrophages in the red pulp (compared to the white pulp in both severe malaria cases (p=0.02) 
and non-malarial controls (p=0.05). The statistical test used for each comparison was the Kruskal-
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Wallis test, followed by post-hoc Dunn’s test to assess pairwise differences. Symbols represent 
individual patients. Abbreviations: HPF, high powered fields; NMC, non-malarial controls.     
 

 

 

4.3.2 Free vs Phagocytosed Splenic Parasites    

The visualisation of phagocytosed parasites across all spleens provided direct in 

vivo evidence of the host-protective role of the spleen. Next, the relationship 

between splenic parasite densities, macrophages and phagocytosed parasites was 

investigated. Spearman correlations were performed for ‘free parasites’ 

(HSP70+/CD68-) vs either macrophages (CD68+/HSP70-) or phagocytosed parasites 

(CD68+/HSP70+). Free parasites were weakly (r = 0.34) but significantly (p = 

0.0478) positively correlated with splenic macrophages. Similarly, free parasites 

were moderately (r = 0.56, p = 0.0017) correlated with phagocytosed parasites 

within the spleen (Figure 4-15). Splenic macrophages however were not 

significantly correlated with peripheral parasitaemia (r = -0.11, p = 0.3806) as 

measured by HSP70+ cell counts in the large vessels of the lung. Therefore, 

elevated splenic parasites loads were associated with increased macrophage 

numbers, possibly leading to a heightened capacity for phagocytosis of iRBC.   

 

 

 

Figure 4-15. Free parasites in the spleen are positively correlated with macrophages and 
phagocytosed parasites. Spearman correlations were performed between ‘free parasites’ 
(HSP70+/CD68-) and either macrophages (CD68+/HSP70-) or phagocytosed parasites 
(CD68+/HSP70+) in the red pulp (RP) where macrophages predominate. Free parasites positively 
correlated with RP macrophages (r=0.35, p = 0.0478) and phagocytosed parasites (r = 0.56, p = 
0.0017). Abbreviations: RP, red pulp; HPF, high powered field. 
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The number of free parasites (HSP70+/CD68-) were compared with the number of 

phagocytosed parasites (HSP70+/CD68+). There were significantly more free 

parasites than phagocytosed parasites in the spleen (p=0.0002). This suggests that 

while the number of macrophages, and phagocytosed parasites increase with the 

accumulation of parasites in the spleen, the vast majority of parasites are non-

phagocytosed (Figure 4-16A). The impact of excluding phagocytosed parasitaemia 

from previous calculations was assessed. The mean splenic parasitaemia without 

removing phagocytosis counts was 1.86% (95% CI: 0.73% to 2.99%) whereas the 

mean splenic parasitaemia once these phagocytosis counts were removed was 

1.84% (95% CI: 0.72% to 2.46%). Therefore, excluding phagocytosed parasitaemia 

does not drastically alter the splenic parasitaemia.  

 

 

 

Figure 4-16. Parasites in the spleen were predominantly non-phagocytosed. (A) Number of free 
parasites and phagocytosed parasites in severe malaria cases and non-malarial controls. There 
were significantly more free parasites compared to phagocytosed parasites in the spleen 
(p=0.0002). Data is displayed as median values with 95% confidence intervals (CI). The statistical 
test performed was the Wilcoxan test. (B) Splenic parasitaemia with or without phagocytosed 
parasites. Symbols represent individual patient values. Abbreviations: HPF, high powered field; 
RBC, red blood cell; NMC, non-malarial control; P%, parasitaemia.  
 

 

 

4.3.3 Investigating Splenic Parasitic “Nests” 

By Giemsa, parasitic “nests” were identified in some cases on the periphery of the 

splenic WP beyond the PFZ. By IHC, parasitic “nests” were also observed (Figure 

4-17A). These “nests” appeared as a cluster of parasites with a membrane 

surrounding the cluster. Often these “nests” consisted of a combination of 
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parasites, and parasite-like cells, which were categorised as unclassifiable. Here, 

unclassifiable parasites typically appear as a pigmented RBCs with an inner 

membrane (like that of the parasitophorous vacuole (PV)). I hypothesised that 

these clusters of parasites and unclassifiable parasites may be within large 

macrophages with parasite-like cells representing dead parasites. Based on this 

hypothesis, the co-staining patterns of CD68 and HSP70 in the context of parasitic 

“nests” was evaluated. 

 

Many “nests” exhibited dual staining; these were only observed in CM1/CM2 cases 

(Figure 4-17B). The number of double stained “nests” were notably high for PM28 

and PM78 which were both CM2 (-SMA) cases. However, many “nests” did not 

exhibit obvious CD68 staining (Figure 4-17C). It is not clear whether such “nests” 

without CD68 labelling are the result of inconsistent CD68 labelling or due to 

macrophage cell death.  
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Figure 4-17. Splenic “nests” likely represent phagocytic events. (A) Parasitic “nests” were 
observed on the periphery of the white pulp (WP), beyond the perifollicular zone. They appear as 
a large cluster of parasites and pigmented red blood cells (RBCs). (B) Nest with clear CD68+ 
macrophage staining (blue, chromogen Vector Blue) and HSP70+ parasite staining (pink, chromogen 
Vector Red). (C) Nests lacking obvious CD68+ macrophage staining but with a visible membrane 
and HSP70+ parasite staining. 
 

 

 

4.4 Reticulocyte Co-Localisation and Invasion 

4.4.1 Reticulocyte Density in the Spleen and Lung Vessels 

The spleen has a role in the final maturation of reticulocytes (Lee et al., 2018). 

Reticulocytes are equally deformable to RBCs, and therefore, under normal 

circumstances, can pass though the cords of the spleen with ease (Ovchynnikova 
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et al., 2018). However, Kho et al. demonstrated that in chronic asymptomatic 

malaria cases (P. vivax and P. falciparum), reticulocytes exhibited reduced 

deformability and consequently were retained in the spleen providing a pool of 

reticulocytes for invasion (Kho et al., 2021a). In Chapter 3, the presence of 

extramedullary haematopoiesis and immature RBCs was investigated in a 

histopathological evaluation of the spleen. This revealed that there was no 

extramedullary haematopoiesis in the spleen in this cohort, and therefore 

reticulocytes were not being produced in this tissue. Reticulocytes also accounted 

for a low percentage of the total splenic RBCs. To confirm that there is not an 

enrichment of reticulocytes in the spleen, IHC using antibodies against transferrin 

receptor of reticulocytes, CD71, was performed (Malleret et al., 2013). To 

compare reticulocytaemia in the spleen to peripheral circulation, reticulocytes in 

the large vessels of the lung were quantified (Figure 4-18). Note that 

extramedullary haematopoiesis can occur in the lung in rare occasions, although 

never reported in malaria cases, and therefore reticulocytaemia was compared 

only to peripheral circulation as measured using the large vessels of the lung (Singh 

et al., 2017, Yang et al., 2017, Fujimoto et al., 2022).  
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Figure 4-18. Reticulocyte (CD71) immunohistochemistry (IHC) in the lung and spleen. (A) IHC 
in the large vessels of the lung staining reticulocytes (CD71; brown, chromogen DAB) and 
endothelial cells (CD31; indigo, chromogen BCIP/NBT). (B) Reticulocyte IHC in the spleen. This was 
performed as a double stain with the parasite marker HSP70 (pink, chromogen Vector Red). 
 

 

 

Throughout the spleen, many cells stained positive for CD71. To distinguish 

reticulocytes from other CD71 positive cells, only cells with CD71 staining lacking 

a nucleus were classified as reticulocytes. Reticulocytaemia was calculated in the 

same way as tissue parasitaemia. For spleen reticulocytaemia counts, RBC counts 

were obtained from the corresponding Giemsa-stained spleen section. For the 

large vessels of the lung, RBC counts were obtained from IHC stained tissues 

(Section 2.3.4.1, Figure 4-18). Comparisons were made between matched spleen 

and lung samples. Overall, there was a mean splenic reticulocytaemia of 1.08% 

(95% CI: -0.94% to 3.10%) compared to a mean peripheral reticulocytaemia of 

0.38% (95% CI: -0.23% to 0.98%) (Figure 4-19A). This difference in 

reticulocytaemia was deemed not significant based on the Wilcoxon matched-

pairs sign ranked test (p=0.313) (Figure 4-19A).   
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I hypothesised that high reticulocytaemia in the spleen may be driven by anaemia, 

and therefore highest in cases with SMA due to increased reticulocyte production 

to counteract anaemia (Leowattana et al., 2008, Dumarchey et al., 2022).  I 

therefore compared matched reticulocytaemia spleen and lung between each 

clinical group. While it is difficult to draw conclusions from such small sample 

sizes, reticulocytaemia was notably higher in the SMA case and incidental 

parasitaemia case evaluated here (Figure 4-19B). In these two cases (PM30 and 

PM77 respectively), both children had anaemia. In comparing splenic 

reticulocytaemia within each group, these two patients exhibited abnormally high 

splenic reticulocytaemias. For instance, in cases with incidental parasitaemia, 

PM77 demonstrated a splenic reticulocytaemia of 10.07%, whereas PM70, another 

incidental parasitaemia case, exhibited a splenic reticulocytaemia of 0.03%. 

Similarly, for SMA cases, PM30 had a splenic reticulocytaemia of 1.16%, while PM57 

had a splenic reticulocytaemia of 0%. PM70 and PM57 did not have matched lung 

samples and so a comparison between the spleen and peripheral circulation could 

not be performed. Therefore, although splenic reticulocytaemia was higher than 

peripheral reticulocytaemia in the cases of SMA (PM30) and incidental 

parasitaemia cases (PM77) evaluated here, these two cases may represent outliers 

in this cohort.   

 

The reticulocyte densities were compared between this cohort and the Kho et al. 

cohort of adult chronic asymptomatic malaria (P. falciparum and P. vivax) (Kho 

et al., 2021a). In the Kho et al. cohort, the median splenic reticulocytaemia was 

2.4% (n=10; P. vivax (n=4) and P. falciparum (n=6)) compared to the median 

splenic reticulocytaemia in this cohort of 0.2% (95% CI: 0% to 1.16%). This 

difference is likely due to chronic anaemia in chronic asymptomatic malaria cases 

driving RBC production. In the Kho et al. cohort, deformability of reticulocytes in 

the spleen were also observed to be reduced (Kho et al., 2021a). While it is 

unknown in paediatric severe malaria if reticulocytes are more deformable than 

in chronic asymptomatic cases, this may be the case due to lower reticulocyte 

densities observed in this cohort (Figure 4-19). Alternatively, the short time to 

death of patients in this cohort may not allow sufficient time to establish a 

reticulocyte response comparable to that of patients with chronic malaria and 

anaemia (Mayer and Donnelly, 2013).  
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Figure 4-19. Reticulocytaemia was not significantly different between spleen and peripheral 
blood. (A) Reticulocytaemia was compared between the spleen and the large vessels of the lung 
as a measure of peripheral reticulocytaemia (n=11). There was no significant difference (p=0.312) 
between reticulocytaemia in the spleen and the peripheral circulation. Statistical test performed 
was a Wilcoxon matched pairs signed rank test. (B) Reticulocytaemia was compared between the 
spleen and peripheral circulation in each clinical group. Data from Kho et al., 2021 was included 
as a comparator cohort of chronic asymptomatic adult infections (P. falciparum (n=6) and P. vivax 
(n=4)) (Kho et al., 2021a). Symbols represent individual patients. Abbreviations: RBC, red blood 
cell; CM, cerebral malaria; SMA, severe malaria anaemia; IP, incidental parasitaemia; NMC, non-
malarial control; LV, large vessels. 
 

 

 

4.4.2 Parasites Infection of Reticulocytes in the Spleen and BM 

To assess the extent to which P. falciparum invades reticulocytes in the spleen 

and BM, the number of parasites within reticulocytes was quantified based on 

HSP70+/CD71+ double staining (Figure 4-20A). In both the spleen and BM, 

parasites were predominantly in normocytes (mature RBC, HSP70+/CD71-) 

compared to reticulocytes (HSP70+/CD71+). In the spleen, the mean normocyte 

infecting parasitaemia was of 1.83% (95% CI: 0.71% to 2.96%) which was 

significantly higher than the mean reticulocyte infecting parasitaemia of 0.02% 

(95% CI: 0.00% to 0.03%) (p < 0.0001) (Figure 4-20B). Since the splenic 

reticulocytaemia was low (Section 4.4.1), the low reticulocyte infecting 

parasitaemia observed here could be expected. If the splenic reticulocytaemia 

was high, it is possible that the reticulocyte infecting parasitaemia would be 

higher due to the preference of Plasmodium for reticulocytes (Leong et al., 2022).  

 

In the BM, there was no significant difference between parasites within 

reticulocytes and normocytes (Figure 4-20B). However, due to the lower parasite 

densities observed in the BM, it is likely that 10 high powered fields (HPF) per BM 

compartment were not sufficient to draw conclusions. Additional HPFs would be 
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required to confirm these observations. The BM is the primary site of 

erythropoiesis in humans after birth providing a large pool of erythroid precursors 

for invasion (Galloway and Zon, 2003, Mikkola and Orkin, 2006, Orkin and Zon, 

2008, Gupta et al., 2022). Furthermore, the BM has previously been demonstrated 

to be enriched in gametocytes (Joice et al., 2014, Aguilar et al., 2014, Baro et al., 

2017, Obaldia et al., 2018). In BM aspirates collected from an adult patient with 

P. falciparum malaria in India, gametocytes were identified within erythroid 

precursors (Neveu et al., 2020). Joice et al. observed that 50-90% of gametocytes 

in the BM were in contact with erythroblastic islands (described in Section 1.3.1, 

Figure 1-6) in paediatric cases of severe P. falciparum malaria. Most early 

gametocytes (stage I) were localised to within CD71+ cells in the BM, while more 

mature gametocytes (stage II/III) were found within CD71- cells suggesting that 

gametocyte development coincides with host cell maturation (Joice et al., 2014). 

It is possible that the higher reticulocyte densities in the BM, alongside higher 

reticulocyte infecting parasite densities, not only support a possible asexual 

replication cycle, but may also contribute to creating a BM niche conducive of 

gametocyte formation and development.   

 

 

 

Figure 4-20. Parasites predominantly infect mature red blood cells (RBCs) over reticulocytes 
in the spleen. Dual immunohistochemistry (IHC) was performed on spleen and bone marrow (BM) 
sections using the parasite marker, anti-HSP70 (pink, chromogen Vector Red), and reticulocyte 
marker, anti-CD71 (brown, chromogen DAB) (A) Representative images of parasite infected 
reticulocytes in the spleen and BM. The left and right panels represent the same image but in a 
different plane of focus. (B) Spleen and BM parasitaemia for parasite infected mature RBCs or 
normocyte (HSP70+/CD71-) and parasite infected reticulocytes (HSP70+/CD71+). There was 
significantly higher mature RBC parasitaemia compared to reticulocyte parasitaemia (p<0.0001). 
Statistical tests used for each comparison was the Kruskal-Wallis test, followed by post-hoc Dunn’s 
test to assess pairwise differences. Symbols represent individual patients. Abbreviations: RBC, red 
blood cell.   
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4.5 Gametocyte Distribution in the Spleen and BM 

4.5.1 Gametocytes in the Spleen 

In chronic asymptomatic P. falciparum malaria cases in adults, 8.3% of parasites 

in the spleen were identified as gametocytes by Giemsa suggesting that the spleen 

may contribute to gametocyte development in P. falciparum cases. Since quinine 

is not effective against gametocytes stages, assessment of gametocytes will more 

closely reflect parasite densities during infection (Peatey et al., 2012). Using 

Giemsa-stained tissue sections, the gametocyte fraction of all parasites identified 

in the spleen of paediatric severe malaria cases was 0.1% (Figure 3-18). By 

Giemsa, identification of gametocytes, other than mature gametocytes, is 

challenging. Therefore, evaluation of gametocyte densities in the spleen was 

performed using the gametocyte marker, anti-Pfs16 (Figure 4-21A) (Joice et al., 

2014). Pfs16 labelling was part of a dual IHC partnered with antibodies against the 

sexual commitment marker, MSRP1 (provided by Gavin Wright, University of York), 

to assess gametocyte formation (analysed in Section 4.6). Since few gametocytes 

are expected to be identified in the spleen based on Giemsa data (Section 3.5.3), 

the number of HPFs analysed was increased to 25 HPFs per tissue compartment.  

 

In the spleen, gametocytes were identified in 4 cases, among them PM56, which 

was originally classified as a non-malarial control. Gametocytes were found 

exclusively in the RP of the spleen (Figure 4-21B). When considering the entire 

cohort, only 1% of parasites within the spleen were gametocytes, a considerably 

lower proportion than that observed in chronic infections in adults (8.3%) (Figure 

4-21C) (Kho et al., 2021a). This fraction was higher than observed by Giemsa 

highlighting difficulties in evaluating gametocyte densities based on this stain 

alone. Therefore, the spleen does not contribute towards gametocyte maturation 

in paediatric severe malaria cases.  
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Figure 4-21. The spleen does not contribute to gametocyte development. Spleen sections were 
stained with Pfs16, a marker of gametocytes, and MSRP1, a marker of sexual commitment. No 
MSRP1+ parasites were identified in the spleen. (A) Representative images of gametocytes in the 
spleen labelled with antibodies against Pfs16 (pink, chromogen Vector Red). (B) Gametocytaemia 
in the red pulp (RP) and white pulp (WP) of the spleen. Data is presented as mean with 95% 
confidence interval. (C) Pie charts showing the proportion of asexual, sexual, and unclassifiable 
stages in the spleen for the Malawi cohort (paediatric severe P. falciparum malaria cases) and the 
Kho cohort (adult chronic asymptomatic P. falciparum malaria cases) (Kho et al., 2021a). Symbols 
represent individual patients. Abbreviations: RBC, red blood cell; RP, red pulp. 
 

 

 

4.5.2 Gametocytes in the BM 

Through a previous histopathological survey of CM1/CM2 cases in the Malawi 

cohort, the BM was identified as a major reservoir for asexual and sexual stages 

(Joice et al., 2014, De Niz et al., 2018). To effectively compare the spleen 

reservoir, and to confirm previous findings in a larger cohort, IHC was performed 

on BM sections using anti-Pfs16 (Figure 4-22A).  As was the case for the spleen, 

Pfs16 labelling was part of a dual IHC partnered with antibodies against the sexual 

commitment marker, MSRP1. Similarly, the number of HPF analysed was increased 

to 25 HPF per tissue compartment.  
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Gametocyte quantification was performed in both the parenchyma and small 

vessels (sinus lumens) of the BM. As previously described (Section 4.2.2), the BM 

parenchyma had significantly higher parasite densities compared to parasite 

densities in the small vessels of the BM (p = 0.01) (Figure 4-22B). Therefore, the 

extravascular spaces contribute more towards the total parasite densities and 

biomass in the BM. There was no significant difference between gametocyte 

densities in the parenchyma compared to the small vessels (Figure 4-22B).  

 

Overall, in the BM (combining the parenchyma and small vessels), 13% of parasites 

identified were gametocytes based on the number of HPFs counted. When 

examining specific compartments, gametocytes constituted 18% of parasites in the 

BM parenchyma. A lower fraction of gametocytes was found in the small vessels 

of the BM, constituting 7.9% of parasites in the small vessels. Compared to the 

spleen in this cohort, there is a far greater proportion of gametocytes in the BM 

compared to the spleen highlighting the role of the BM in gametocyte development 

(4-22C, 4-21C).  

 

 

 

 
Figure 4-22. The bone marrow (BM) parenchyma has the largest proportion of gametocytes. 
BM sections were stained with Pfs16, a marker of gametocytes, and MSRP1, a marker of sexual 
commitment. Identification of MSRP1+ parasites are discussed in Section 4.6. Therefore, no 
images of MSRP1+ parasites are presented in this figure. (A) Representative images of gametocytes 
in the BM labelled with antibodies against Pfs16 (pink, chromogen Vector Red). (B) Parasitaemia 
and gametocytaemia in the parenchyma and small vessels (SV) of the BM. Data is presented as 
mean with 95% confidence interval. (C) Pie charts showing the proportion of asexual and sexual 
stages in the BM parenchyma and BM small vessels for the cohort. The statistical tests used for 
each compartmental comparison was the Kruskal-Wallis test, followed by post-hoc Dunn’s test to 
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assess pairwise differences. Symbols represent individual patients. Abbreviations: BM, bone 
marrow; RBC, red blood cell; SV, small vessels; P%, parasitaemia. 
 

 

 

4.6 Sexually Committed Schizonts in the Spleen and BM 

During the intraerythrocytic developmental cycle, a subset of parasites will 

undergo sexual commitment which results in the production of gametocytes. As 

confirmed in Section 4.5.2, there is an enrichment of gametocytes in the 

extravascular spaces of the BM (Joice et al., 2014, Aguilar et al., 2014). 

Enrichment of gametocytes in this compartment could be explained by two 

previously proposed models: preferential homing of sexually committed 

merozoites or early gametocytes to the BM, or sexual commitment directly in the 

BM where an endogenous asexual replication cycle takes place (Nilsson et al., 

2015, De Niz et al., 2018). To investigate gametocyte formation in the tissues, IHC 

was performed using an antibody against the sexual commitment marker, MSRP1 

(Figure 4-23A) (Kadekoppala et al., 2010, Perrin et al., 2015, Poran et al., 2017, 

Brancucci et al., 2018). Since sexually committed cells are a rare population, the 

number of HPF analysed for each compartment was increased to 25 HPF.  

 

To determine the role of the spleen in gametocyte formation in paediatric severe 

malaria cases, MSRP1 was quantified in the RP, WP, and large vessels of the spleen 

(n=15). In total, only 2 MSRP1+ parasites were identified in the RP of the spleen 

which were found in one case, PM21 (CM1); no gametocytes were observed in this 

case. The lack of MSRP1+ parasites in the spleen is consistent with the low number 

of observed gametocytes. This finding supports the hypothesis that the spleen 

does not contribute to gametocyte formation and development.  

 

In the BM, MSRP1+ cells were identified in 5 out of 14 (36%) of the quantified BM 

samples. These cases corresponded to CM1/2/3 cases, i.e., those that met the 

clinical definition of CM (Section 2.1.1). Sexually committed parasites (MSRP1+) 

were found predominantly in the BM parenchyma at a mean parasitaemia of 0.45% 

(95% CI: -0.16% to 1.07%) (Figure 4-23B). When compared to other populations 

identified in the BM, gametocytes accounted for 13% of the total parasites, while 
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sexually committed parasites accounted for 9% of the total parasites in the BM 

(Figure 4-23C).  

 

The correlation between the density of MSRP1+ parasites and gametocytes were 

investigated in the BM. Although there was a moderate correlation between the 

density of MSRP1+ parasites and gametocytes in the BM parenchyma, this 

correlation was not significant (Spearman correlation r = 0.37, p value = 0.077) 

(Figure 4-24).  

 

 

 

Figure 4-23. Identification of sexually committed schizonts in the bone marrow (BM). (A) 
Representative images of MSRP1+ schizonts in the BM parenchyma and small vessels (SV). 
Morphology of sexually committed schizonts was confirmed using formalin fixed, paraffin 
embedded (FFPE) blood clots of P. falciparum schizonts grown in minimal fatty acid (mFA, i.e., 
sexual commitment inducing conditions) (Section 2.3.3). (B) MSRP1 parasitaemia in the 
parenchyma and SV of the BM across the whole cohort. Data is presented as mean parasitaemia 
with 95% confidence interval (CI). (C) Parasitaemia in the BM represented as mean values with 95% 
CI. Symbols represent individual patients. Abbreviations: BM, bone marrow, RBC, red blood cells, 
SV, small vessels. 
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Figure 4-24. Correlation between MSRP1 parasitaemia and Pfs16 parasitaemia in the bone 
marrow (BM) parenchyma. Spearman correlations were performed on MSRP1+ parasitaemia vs 
Pfs16+ parasitaemia in the BM parenchyma. MSRP1 parasitaemia did not significantly correlate 
with Pfs16 parasitaemia (r = 0.37, p = 0.774). Abbreviations: BM, bone marrow. P%, parasitaemia. 
 

 

 

The presence of sexually committed cells in the BM suggests that sexual 

commitment can occur directly in the BM. This confirms the model of gametocyte 

enrichment in the BM where the microenvironment of the BM supports endogenous 

sexual commitment. The spleen was the only other tissue analysed here; however, 

it is possible that other tissues may contribute to the enrichment of gametocytes 

in the BM. In this scenario, sexually committed merozoites, or early gametocytes, 

could home to the BM for gametocyte maturation. It would therefore be necessary 

to perform a larger organ screen to determine if sexual commitment can occur in 

other tissues. In P. berghei infected mice, parasite density was associated with 

depletion in LysoPC (Brancucci et al., 2017). It is possible that in organs with high 

parasite sequestration, such as the brain or the gastrointestinal tract, that there 

is higher turnover of LysoPC resulting in a local LysoPC depletion and sexual 

commitment within that tissue. It would therefore be interesting to investigate 

the presence of MSRP1 positive parasites in multiple organs of differing levels of 

sequestration. Since this is a rare parasite population, it will likely be necessary 
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to increase the number of HPF analysed to ensure sexually committed parasites 

are captured, both in the BM and in other tissues.  

 

4.7 Chapter Discussion  

In a recent study by Kho et al., the spleen was revealed to harbour a large hidden 

biomass of intact P. vivax and P. falciparum in chronic asymptomatic malaria in 

adults, with evidence to suggest the existence of an endosplenic life cycle. It is 

unknown whether a similar hidden biomass exists in the spleen of paediatric 

severe P. falciparum malaria cases. In the previous chapter, a large density of 

non-phagocytosed parasites was identified using the basic histological stain, 

Giemsa. To confirm the presence of these non-phagocytosed parasites, and to 

compare the parasite density and biomass between other organs and peripheral 

blood, immunohistochemistry was utilised. This approach also allowed the 

investigation of gametocyte formation and development in the BM and the spleen.  

 

4.7.1 Conservative Counting Methodology 

To avoid overestimating parasite accumulation in the spleen, BM, and lung, an 

‘unclassifiable’ category was introduced to most counts. This category was applied 

for HSP70/CD31, HSP70/CD71 and Pfs16/MSRP1 IHC experiments (Figure 4-25). In 

HSP70 IHC, unclassifiable cells encompassed two forms: cells with weak Vector 

Red staining lacking a definitive nucleus or cells lacking Vector Red staining 

completely but exhibiting morphological features resembling iRBCs, as evidenced 

by the shape of pigment with a faint halo surrounding indicative of the PV. The 

latter, which can be deemed as parasite-like cells, may represent “coffin-RBCs” – 

RBCs containing dead parasites following treatment with artesunate or quinine 

(Ndour et al., 2014). These possible “coffin-RBCs” were not counted; however, it 

may be interesting to quantify them to determine if they were associated with 

treatment time, or other parasite or clinical parameters. To determine whether 

these unclassifiable parasites are indeed dead parasites, it would be necessary to 

generate formalin-fixed, paraffin embedded (FFPE) P. falciparum parasite clots 

on quinine treated and untreated cultures.  
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The inclusion of an unclassifiable category in these instances serves to avoid 

misclassifying cells as parasites, although it may lead to a potential 

underestimation of parasite accumulation in each organ. As an additional strategy 

to address IHC staining and count variation, and considering the agreement 

between Giemsa and IHC counts, the mean count for each splenic compartment 

was calculated between Giemsa and IHC counts and used for all subsequent 

analysis (Figure 4-2).  

 

The proportion of unclassifiable reticulocyte-like cells was highest in the BM 

(57.2%) compared to the spleen (35.4%) and lung (33.5%). Given that the BM serves 

as the primary site of erythropoiesis in humans, the abundance of CD71+ cells, a 

marker of cells in the erythroid lineage (Malleret et al., 2013, Fröbel et al., 2021), 

made it more challenging to distinctly identify CD71+ reticulocytes within this 

tissue. The final step in erythropoiesis, before reticulocytes are released into 

circulation, is enucleation by a nursing macrophage in erythroblastic islands 

(Figure 1-6A) (Klei et al., 2017). Consequently, it should be possible to distinguish 

reticulocytes from earlier cells of the erythroid lineage, or erythroblasts. Nuclear 

staining was not always clear with the IHC protocol used here (Section 2.3.1). 

The contrast of nuclear staining by haematoxylin could be easily enhanced using 

Scott’s Tap Water Substitute. This would eliminate the need to use an additional 

erythroid cell lineage marker expressed in erythroblasts but not in reticulocytes. 

Additionally, distinguishing between erythroblasts and reticulocytes could be 

interesting in the context of gametocytes. Neveu et al. recently demonstrated 

that gametocytes can develop within late erythroblasts in vitro. Furthermore, 

gametocytes were found within nucleated cells of the erythroid lineage in BM 

smears collected from an Indian adult with P. falciparum malaria (Neveu et al., 

2020). While co-staining of CD71 and Pfs16 was not performed due to time 

constraints, improving the distinction between reticulocytes and erythroblasts 

could substantiate findings from Neveu et al. 

 

For MSRP1, unclassifiable counts were particularly high. This is primarily due to 

suboptimal optimisation of the MSRP1 antibody causing issues with background 

staining in these tissues. While I was able to confidently quantify MSRP1+ cells, 

quantification would be made easier by fully optimising this antibody using 
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induced schizont blood clots. However, due to the lack of the Pfs16+ gametocytes 

present in splenic tissue, it is unlikely that MSRP1+ cells are present in the spleen.  

 

 

 

 

Figure 4-25. Proportion of unclassifiable counts by immunohistochemistry (IHC). 
 

 

 

Stained sections were analysed directly on the Olympus BX43 microscope with an 

Olympus DP22 camera. By analysing tissues in person, rather than from a scanned 

image, multiple planes of focus could be quickly and easily analysed. This was 

essential for Giemsa quantifications as morphology can be obscured, particularly 

by the high level of pigment observed in tissues. Similarly, for quantifying parasite 

infected reticulocytes, moving through multiple planes of focus was necessary to 

identify the reticulocyte and parasite within (Figure 4-20A). To validate all 

Giemsa and IHC based quantifications, a second microscopist would be required 

to evaluate 30% of patients. Alternatively, image analysis software such as 
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Visiopharm®, which utilises deep learning algorithms based on artificial 

intelligence and neural networks, could be employed for quantifications. As such, 

image analysis pipelines could be designed to initially identify tissue 

compartments and then quantify stained cells within each compartment.      

 

4.7.2 Ineffective Splenic Parasite Clearance 

The unique architecture of the spleen facilitates the filtration of aged, damaged, 

or iRBCs, whereby RBCs must traverse narrow inter-endothelial slits within sinuses 

(Groom et al., 1991, Buffet et al., 2006, Safeukui et al., 2008). This passage from 

macrophage lined RP cords, through inter-endothelial slits, and eventually into 

the venous system, requires mechanical sensing of RBC deformability, a quality 

trophozoite- and schizont- iRBCs lack (Groom et al., 1991, Deplaine et al., 2011, 

Cranston et al., 1984). In the context of malaria, cordal macrophages play several 

crucial roles in this filtering process: (i) During pitting, the parasitised portion of 

the RBC is unable to pass, and thereby gets trapped and subsequently released 

into the reticular meshwork of the cords where cordal macrophages engulf the 

remains. (ii) In some instances, macrophages themselves engage in pitting of 

iRBCs, where the parasitised portion is engulfed, and the remaining RBC is pinched 

and released into circulation. (iii) Macrophages in the cords can directly 

phagocytose iRBCs. (iv) Additionally, macrophages can engulf debris, such as 

haemozoin, released from parasites (Schnitzer et al., 1972, Ghosh and Stumhofer, 

2021). Some of these protective roles were evidenced here as visualised by 

phagocytosed parasites and pigmented macrophages (Figure 4-13). These 

pigmented macrophages have likely phagocytosed haemozoin released from 

rupturing schizonts, a clear example of which can be found in the WP panel of 

Figure 4-13 where the field of view lacks pigment outside of the macrophage 

(Arese and Schwarzer, 1997). This absence of pigment outside the macrophage 

eliminates the possibility of confusion with other forms of pigment such as 

formalin pigment (Arese and Schwarzer, 1997).  

 

As before mentioned, a high number of possible “coffin-RBCs” were identified in 

splenic tissue. The RBC “coffin” can be recycled through pitting in the spleen 

(Schnitzer et al., 1972, Buffet et al., 2006). Pitting rates are highest in 

antimalarial treated children aged between 1.5-4 years, aligning with the average 
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age of this cohort, which falls within this range at 2 years and 3 months (Ndour et 

al., 2015). However, pitting rates and parasite clearance rates are less 

pronounced in quinine treated patients than in artesunate treated patients 

(Chotivanich et al., 2000, Newton et al., 2001, Jauréguiberry et al., 2014, Saidi 

et al., 2021, Saidi et al., 2023). This lower contribution of pitting observed in 

quinine treated patients may explain the accumulation of “coffin-RBCs” in the 

spleens of the Malawi cohort. It would be interesting to compare splenic tissue 

from artesunate treated patients to determine if a similar fraction of potential 

“coffin-RBCs” are present in the spleen. Alternatively, as evidence from 

histopathological scoring data, the high density of “coffin-RBC” may simply be due 

to reduced splenic function. 

 

In previous post-mortem studies in Southeast Asian adults with severe P. 

falciparum malaria, a downregulation of cordal macrophages was observed 

compared to patients with bacterial sepsis and control patients (Urban et al., 

2005b). In the Malawi cohort, there was not a significant reduction in macrophage 

numbers observed between malaria patients and non-malarial controls in both 

splenic compartments analysed (Figure 4-14). In fact, with parasitaemia, the 

number of macrophages and phagocytosed parasites increased (Figure 4-15). 

Therefore, the presence of low levels of phagocytosed parasites is unlikely to be 

solely attributed to low macrophage levels in malaria cases.  

 

While direct in vivo evidence of parasite phagocytosis in the spleen was provided, 

most parasites within the spleen were non-phagocytosed (Figure 4-16). This 

ineffective phagocytic activity might be due to the considerable antigenic 

challenge in the spleen where parasite densities were high (Ho et al., 1990). 

Indeed, it was noted that parasite distribution in the splenic RP was heterogenous. 

In particular, higher parasite densities were often observed on the periphery of 

the WP beyond the fast circulation of the perifollicular zone (Figure 4-6). 

Interestingly, the presence of parasitic “nests” was also observed on the periphery 

of the WP beyond the perifollicular zone (Figure 4-17). I hypothesised that these 

parasitic “nests” containing clusters of HSP70+ parasites and parasite-like cells 

were large macrophages in a phagocytic state. The hypothesis that these cell 

clusters reside within macrophages aligns with the identification of parasite-like 

cells as “coffin-RBCs” i.e., RBCs harbouring a dead parasite. In many cases, co-
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localisation of HSP70+ and CD68+ staining was observed confirming this 

hypothesis. However, there were many cases where CD68+ staining, or nuclear 

staining by Giemsa, was not clear (Figure 3-21, 4-17C). In these instances, the 

lack of CD68 staining may be due to macrophage cell death. Alternatively, these 

clusters of cells may represent rosettes, which form when mature iRBCs bind to 

uRBCs, a phenomenon first identified in P. falciparum in the 1980s (Handunnetti 

et al., 1989). Rosettes have been demonstrated to hamper phagocytic activity of 

monocytes (Lee et al., 2020). Therefore, it is possible that rosettes form in the 

tissue, particularly in the spleen where there is an abundance of iRBCs and uRBCs. 

These large rosettes could affect the phagocytic activity of resident macrophages, 

as previously demonstrated in vitro, resulting in their cell death (Lee et al., 2020). 

Currently, there is no evidence of rosette formation in infected tissues (Lee et al., 

2022).   

  

Ineffective phagocytic activity and parasite clearance could be attributed to high 

levels of haemozoin, where pigment was frequently observed in the splenic tissue 

of this cohort (Tyberghein et al., 2014). Phagocytosis of haemozoin, or late 

parasite stages harbouring haemozoin, has been associated with prolonged 

oxidative burst and subsequently inhibition of phagocytosis. Here, iron released 

from haemozoin has been attributed to these toxic effects on monocytes and 

macrophages (Schwarzer et al., 1992). In addition, the toxic effects of haemozoin 

alters processing of antigens and reduces macrophage bactericidal activities 

resulting in susceptibility to secondary bacterial infections (Fiori et al., 1993, 

Scorza et al., 1999, Lokken et al., 2018, Chua et al., 2021). The high levels of 

intact parasites may, in part, be attributed to inefficient splenic clearance by 

cordal macrophages, influenced by high loads of haemozoin.     

 

4.7.3 No Evidence of an Endosplenic Life Cycle     

The existence of cryptic asexual replication in haematopoietic niches has been 

hypothesised, however, it has received limited investigation. This is largely due 

to ethical and technical considerations where investigation of such cryptic life 

cycles is challenging, especially in severe malaria. Therefore, investigations have 

been performed in mouse models or using splenectomised patient samples. 

Evidence of a cryptic life cycle in the spleen and BM has been demonstrated in P. 
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berghei where invasion of early reticulocytes promotes gametocytogenesis. Note 

that in adult mice, the spleen is haematopoietically active (Lee et al., 2018). In a 

human case study of spontaneous splenic rupture, a large reservoir of intact P. 

vivax was identified (Machado Siqueira et al., 2012). More recently, Kho et al. 

unveiled the existence of a substantial biomass of intact P. vivax and P. falciparum 

which co-localised with a retained pool of reticulocytes in the spleens of adults 

with chronic asymptomatic malaria (Kho et al., 2021b, Kho et al., 2021a). The 

magnitude of the splenic accumulation in both P. vivax and P. falciparum cases 

could not be explained by the retention of parasites from circulation alone, even 

at parasite retention rates greater than 90%. Therefore, due to the co-localisation 

of reticulocytes and parasites in the same splenic compartments (predominantly 

the splenic cords), the magnitude of splenic infection unexplained by peripheral 

parasitaemia alone, and the presence of schizonts in proportions consistent with 

their duration in the intraerythrocytic life cycle, Kho et al., hypothesised the 

existence of a cryptic endosplenic life cycle (Kho et al., 2021a).  

 

To investigate the splenic parasite reservoir, Giemsa (Section 3.5) and IHC 

(CD31/HSP70) was utilised to quantify parasite distribution, densities and biomass 

in the spleen. To determine if there was a splenic tropism, parasite density and 

biomass was compared to the BM, lung, and peripheral blood. Here the lung serves 

as a comparator tissue due to the high vascularity of the tissue demonstrating a 

range of vessel sizes and moderate parasite sequestration (Milner et al., 2015). 

Further, in this cohort, lung involvement, pathology, and respiratory 

complications, such as acute respiratory distress syndrome (ARDS), were modest 

(Milner et al., 2013a).  

 

The distribution of parasites within the spleen was heterogenous, with an 

enrichment of parasites observed in the periphery of the WP beyond the 

perifollicular zone (Figure 4-6). The spleen has two forms of circulation: closed 

(fast) circulation and open (slow) circulation (Schmidt et al., 1993). Splenic blood 

flow enters the marginal zone where 90% will enter the fast circulation of the 

perifollicular zone. The remaining 10% directly enters the RP cords in the slow 

circulation through venous sinuses. It is possible that the large accumulation of 

parasites observed in many cases outside the WP, beyond the marginal zone and 

perifollicular zone, represents parasites that have just entered the slow 
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circulatory system and, due to sheer abundance, have caused obstruction of the 

splenic cords resulting in an accumulative effect (Figure 4-6). Here, macrophages 

are unable to clear the high density of parasites, forming what have been 

classified in this thesis as parasitic “nests” (Figure 4-17). Based on Giemsa data 

presented in Chapter 3, this accumulation of parasites on the periphery of the WP 

is predominantly mature stages (late trophozoites/schizonts) (Figure 3-23). 

Mature stages are less deformable than rings, and therefore cannot pass through 

the inter-endothelial slits of the splenic cords (Schmidt et al., 1993, Safeukui et 

al., 2008, Cranston et al., 1984, Deplaine et al., 2011). These stages are therefore 

more likely to cause obstruction of the splenic cords. Furthermore, since these 

stages contain haemozoin, the high levels of haemozoin in these areas may affect 

the phagocytic activity of macrophages localised here (Schwarzer et al., 1992, 

Tyberghein et al., 2014).  

 

Parasite densities were compared between the spleen, BM, lung, and peripheral 

circulation. For peripheral circulation, parasitaemia was determined by counting 

HSP70+ parasites and RBCs in the large vessels of the lung. This should be 

representative of peripheral circulation as sequestration would not be expected 

in the large vessels. This also allows parasite densities to be determined using the 

same modality as applied to the tissues. In paediatric P. falciparum severe malaria 

cases, the mean splenic parasitaemia was 1.86%, which was comparable to the 

mean splenic parasitaemia in chronic asymptomatic P. falciparum malaria in 

adults (1.53%) (Kho et al., 2021a). Parasite densities in the spleen were 

significantly higher than densities in the BM, lung, and peripheral circulation. 

While the parasite densities in the spleen was significantly higher than other 

organs and peripheral circulation, the magnitude of parasite densities in the 

spleen could be explained by a retention rate of 9.52% (Section 4.2.4). This 

retention rate is close to the retention rates observed in P. falciparum rings (ca. 

10%) in the slow, open microcirculation during ex vivo splenic perfusion 

experiments (Safeukui et al., 2008). Based on Giemsa, the spleen exhibits an 

enrichment in rings/early trophozoites. Therefore, the higher splenic densities 

observed in the spleen could be explained by the natural retention of rings at a 

rate of 9.52%.  
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The parasite biomass in each organ and peripheral circulation was determined. 

The parasite biomass in all organs analysed was significantly higher than 

circulating parasite biomass, as was also observed when comparing the spleen to 

peripheral circulation in chronic asymptomatic cases in adults. However, there 

was no significant difference in parasite biomass when comparing biomasses 

between organs. Comparing parasite biomass between tissues is important in 

treated cohorts, as it is recognised that parasite clearance in the tissues is delayed 

compared to parasite clearance in the blood.  Therefore, a splenic tropism was 

not observed in paediatric severe P. falciparum malaria cases.   

 

In chronic asymptomatic malaria cases, the spleen exhibited a higher density of 

reticulocytes in the spleen compared to peripheral circulation. These 

reticulocytes had reduced deformability and were consequently retained in the 

spleen by mechanical retention (Kho et al., 2021a). Reticulocyte densities were 

investigated in the Malawi cohort revealing no significant difference in 

reticulocytaemia between the spleen and peripheral circulation (Figure 4-18, 4-

19). Due to the small sample size, it was not possible to draw any conclusions on 

the reticulocyte responses in anaemic patients. However, it is possible that 

retention of reticulocytes is associated with chronic anaemia. P. falciparum is not 

restricted to reticulocytes for reinvasion events. However, from histopathological 

evaluation of the spleen in Chapter 3, there was not marked congestion of blood 

observed which would also provide ample host cells for reinvasion.  

 

Taken together, the absence of schizonts in proportions consistent with an 

endosplenic life cycle, the explanation of parasite densities in the spleen by 

peripheral circulation alone, the lack of significant differences in parasite biomass 

among different organs, and the absence of alterations in the immature or mature 

RBC pool for reinvasion, suggest that there is no ongoing endosplenic life cycle in 

paediatric severe P. falciparum malaria in Malawi based on the sections 

investigated in this study. 

 

4.7.4 Gametocyte Formation and Development     

In adults with chronic asymptomatic P. falciparum malaria, gametocytes 

accounted for 8.3% of parasites identified in the spleen by Giemsa (Kho et al., 

2021a). This suggests that the spleen may be involved in gametocyte 
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development. By Giemsa, it was challenging to identify gametocytes, particularly 

immature gametocytes. For example, it is not possible to distinguish early 

gametocyte rings from asexual rings. The gametocyte marker, Pfs16, was 

therefore used to quantify gametocytes in the spleen by IHC. 

 

By IHC, gametocytes accounted for 1% of parasites identified in the spleen. This 

was considerably lower than the 8.3% gametocyte fraction observed in chronic 

asymptomatic P. falciparum malaria cases. A possible explanation for this is the 

difference in splenic reticulocytaemia between the two cohorts where chronic 

asymptomatic cases exhibited reticulocyte densities twice as high as those 

observed in paediatric severe malaria (Section 4.4.1). The higher density of 

reticulocytes in the spleen in chronic cases may provide a niche, similar to that of 

the reticulocyte rich BM, which supports gametocyte formation and development. 

This difference in reticulocyte densities in the spleen in chronic compared to 

acute malaria cases may be attributed to the time required to mount a 

reticulocyte response to anaemia. It takes 3-5 days for the BM to respond to 

anaemia with a peak in reticulocytaemia after 7-10 days (Mayer and Donnelly, 

2013). The median time to death of the cohort analysed here was 14 hours (Table 

3-2, Section 3.2). Therefore, it is unlikely that an appropriate reticulocyte 

response would have been mounted, and for reticulocytes to be retained in the 

spleen, as observed in adult cases likely experiencing chronic, low-grade anaemia. 

In contrast to the spleen, Pfs16 labelling in the BM revealed that 13% of identified 

parasites were gametocytes. Gametocytes were predominantly found in the 

extravascular spaces of the BM (parenchyma) supporting previous findings of an 

enrichment of immature gametocytes in the extravascular spaces of the BM (Joice 

et al., 2014, Aguilar et al., 2014).  

 

To investigate gametocyte formation, IHC was performed using antibodies against 

the sexual commitment marker, MSRP1. In the spleen, only one case had 

identifiable MSRP1+ parasites which were found in the splenic cords. This suggests 

that the spleen does not contribute to gametocyte formation. In contrast, sexually 

committed schizonts were identified in the BM, predominantly found in the BM 

parenchyma (Figure 4-23). Sexual commitment is responsive to environmental 

triggers. The serum phospholipid LysoPC was identified as a repressor of sexual 

commitment; therefore, depletion in LysoPC concentrations can induce sexual 
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commitment (Brancucci et al., 2017). In P. berghei infected mice, LysoPC 

concentrations were shown to be lower in the BM compared to plasma 

concentrations (Brancucci et al., 2017). The BM microenvironment may therefore 

be conducive to sexual commitment and gametocyte formation. The co-

localisation of sexually committed schizonts and gametocytes in the same BM 

compartment suggests that sexual commitment can occur directly in the BM. 

However, no significant correlation between MSRP1+ parasites and gametocytes 

were found (Figure 4-24). This lack of correlation may be due to a few reasons: 

Firstly, MSRP1+ parasites were only identified in 36% of cases. Importantly, for 

these BM counts, 25 HPFs were evaluated for each compartment (50 HPF total per 

tissue). Since sexually committed schizonts represent a rare parasite population, 

a higher number of HPF may need to be analysed to gain a more comprehensive 

understanding of their distribution. Secondly, gametocyte accumulation in the BM 

may be supported by another source such as the homing of sexually committed 

cells, or early gametocytes, to the BM. As such, sexual commitment might occur 

elsewhere in the body. It would therefore be necessary to perform a larger organ 

screen to identify tissues which may be implicated in sexual commitment. For 

example, the brain exhibits high parasite densities in CM cases which could result 

in greater uptake of LysoPC by parasites. This uptake could cause a localised 

depletion in LysoPC concentrations which triggers sexual commitment (Milner et 

al., 2015, Brancucci et al., 2017).   

 

Overall, based on the tissue sections analaysed here, the spleen does not 

contribute to gametocyte formation or development. In contrast, both 

gametocytes and sexually committed schizonts were identified in the same 

compartments of the BM. This suggests that gametocyte accumulation in the BM 

is supported by, at least in part, by an endogenous asexual replication cycle where 

a subset undergo sexual commitment likely due to the local depletion in LysoPC 

in the BM.  

 

4.7.5 The Role of the Spleen as a Parasite Reservoir     

Based on findings from chronic asymptomatic malaria cases in adults and the data 

generated here in a paediatric severe malaria cohort, the following model was 

proposed to explain parasite accumulation in the spleen (Figure 4-26). In this 
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model, parasite accumulation in the spleen varies along a spectrum of disease 

severity, driven by host and parasite factors.  Chronic infections in adults may 

lead to parasite adaptation, where a less inflammatory response could promote 

the survival of slower growing parasite populations which may survive better in 

the spleen. Furthermore, chronic infection of Plasmodium may induce a 

tolerogenic niche for parasite survival in the spleen as proposed by Kho et al. (Kho 

et al., 2021a). Splenic parasite accumulation in chronic infection may therefore 

be the result of immune control and parasite adaptation.   

 

Chronic Plasmodium infection leads to persistent, low-grade anaemia (Chen et al., 

2016, White, 2018). This likely contributes to the higher levels of reticulocytes 

observed in the spleen observed in chronic malaria cases but not severe malaria 

cases. In severe malaria, as observed in this cohort, disease onset and progression 

are rapid and therefore there may be insufficient time to develop a reticulocyte 

response. The reshaping of the splenic environment in chronic cases to generate 

a reticulocyte rich niche might explain higher observed parasite densities in the 

spleen for both asexual and sexual stages while at the same time the peripheral 

parasitaemia is far lower.  

 

Another factor that may influence parasite accumulation in the spleen (and other 

organs) is repeated antimalarial treatment in children. In malaria endemic 

countries, children will regularly develop malaria symptoms, frequently due to 

acute malaria infection, and as a result be treated with antimalarials. These 

treatments will clear parasites from tissues preventing the chronic accumulation 

and adaptation of parasites. Indeed, in many malaria-endemic countries, children 

are given seasonal malaria chemoprevention which has been proven to reduce 

clinical episodes (Meremikwu et al., 2012, Matangila et al., 2015, WHO, 2023b). 

While children in the Malawi cohort presented here were not part of a seasonal 

malaria chemoprevention programme, 20/38 (52.6%) patients had reported pre-

admission treatment.  

 

This model is supported by unpublished data from Kho et al. in which 

uncomplicated P. vivax malaria patients exhibited an 8-fold increase in parasite 

biomass compared to peripheral circulation, which is 10 times lower than the 81-

fold difference observed in asymptomatic patients (Kho et al., unpublished) (Kho 
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et al., 2021a). This contrasts with severe malaria described here where there was 

no significant difference between parasite biomass across organs. Therefore, the 

accumulation of parasites in the spleen varies with disease severity and is likely 

driven by multiple host and parasite adaptations (Figure 4-26).   

 

 

 

Figure 4-26. Model of parasite accumulation in the spleen in malaria. The splenic reservoir 
varies depending on disease severity. As such, many host and parasite factors drive the 
accumulation of parasites in the spleen. 
 

 

 

4.7.6 Chapter Summary 

The overall aim of this chapter was to validate and expand on findings from 

Chapter 3 on the parasite distribution in the spleen and to explore the role of the 

spleen and the BM in gametocyte formation and development in paediatric severe 

P. falciparum malaria using IHC. Specifically, I aimed to investigate the presence 

of an endosplenic life cycle and to determine if there was a splenic tropism 

through a comparative analysis of tissues.   

 

IHC validated parasite counts in Giemsa-stained tissues and allowed the 

comparison of parasite densities between organs and peripheral circulation. The 

spleen exhibited significantly higher parasite densities compared to the BM, lung, 

and peripheral circulation. However, the magnitude of parasite density could be 

explained by retention of ring stages in the spleen. Furthermore, while parasite 
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biomass was significantly higher in tissues compared to peripheral circulation, 

there was no significant difference in parasite biomass between tissues. 

Therefore, there was no splenic tropism in paediatric severe P. falciparum malaria 

as observed in chronic asymptomatic malaria cases in adults. Similarly, an 

enrichment of reticulocytes was not observed in the spleen in this cohort, as was 

observed in chronic asymptomatic malaria cases, which could support an 

endosplenic life cycle. Taking into consideration that P. falciparum is not 

restricted to reticulocytes, and thereby a reticulocyte response may not be 

required to support an endosplenic life cycle, there was only mild congestion of 

RBCs observed in the spleen. Together with the absence of schizonts in proportions 

consistent with their duration in the asexual life cycle, there is no evidence to 

suggest the presence of an active endosplenic life cycle in paediatric severe P. 

falciparum malaria based on the tissue sections analysed.   

 
The role of the spleen in gametocyte formation and development was 

investigated; the spleen did not contribute to gametocyte formation or 

development in this cohort. In contrast, the BM parasite density comprised a 

substantial fraction of gametocytes. Furthermore, the presence of sexually 

committed schizonts were identified in the BM, predominantly in the 

extravascular spaces, suggesting that commitment can occur directly in the BM.   

 

Based on these findings, I proposed a model of the splenic parasite reservoir 

whereby the accumulation of parasites varies with disease severity and is largely 

driven by host and parasite adaptations.  
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Chapter 5 | Deconvolving the transcriptional signature of 
sexual commitment in schizonts 
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5.1 Introduction 

In Chapter 3 and 4, the splenic and BM reservoirs of P. falciparum in paediatric 

severe malaria cases from Malawi were phenotypically characterised using basic 

histological strains and immunohistochemistry (IHC). The BM has previously been 

demonstrated to be important in gametocyte maturation and consequently 

onward transmission (Joice et al., 2014, Aguilar et al., 2014, Baro et al., 2017, 

Obaldia et al., 2018). Therefore, it is important to both phenotypically and 

transcriptionally characterise parasites in the BM.  

 

The BM has a unique environment which is depleted in lysophosphatidylcholine 

(LysoPC), a substrate for phosphatidylcholine (PC) synthesis (Figure 1-8). The 

depletion of LysoPC has been demonstrated to induce sexual commitment in P. 

falciparum, with the BM exhibiting a local LysoPC depletion in P. berghei infected 

mice (Brancucci et al., 2017). Indeed, in Chapter 4, both gametocytes and 

sexually committed schizonts were identified in the BM in paediatric severe P. 

falciparum malaria cases. Sexually committed schizonts and gametocytes 

collectively represented 22% of parasites in the BM (Section 4.5, 4.6); therefore, 

a population of asexual parasites also exist in the BM. The transcriptional 

distinctions between parasites in the BM and in other tissues is unknown.  

 

During infection, the conversion rate of Plasmodium exhibits adaptive plasticity 

and is responsive to environmental factors such as the depletion of LysoPC. 

Conversion rate varies between strains from differing transmission settings (Pollitt 

et al., 2011). Further, based on unpublished data from the Marti Lab, LysoPC 

sensitivity also varies between strains originating from geographically distinct 

locations. The transcriptional programme underlying different parasite responses 

to this environmental trigger remains unclear and requires further investigation.  

 

To deconvolute the transcriptional signature of sexual commitment in P. 

falciparum schizonts and to characterise schizont populations in the BM, single 

cell RNA sequencing (scRNAseq) was utilised. scRNAseq was performed on two 

culture-adapted parasite strains with different LysoPC sensitivities originating 

from West Africa (Pf2004) and Southeast Asia (Dd2) (Elliot, 2007, Hommel et al., 

2010, Wellems et al., 1990). Here, Dd2 can respond to minor fluctuation in LysoPC 

in contrast to Pf2004, as observed in unpublished data from the Marti Lab.   
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5.1.1 Transcriptomics in Plasmodium 

Transcriptomics, the study of the absolute ribonucleic acid (RNA) content of a 

cell, is the most widely used ‘omics’ approach allowing investigation of gene 

expression and regulation (Zhang, 2019). Advances in deoxyribonucleic acid (DNA) 

sequencing led to the development of microarray technology by Patrick Brown et 

al which permits the simultaneous detection of thousands of genes based on 

molecular hybridisation to DNA probes (Sanger and Coulson, 1975, Sanger et al., 

1977, Brady et al., 1990, Schena et al., 1995, Zhang, 2019). This facilitated the 

profiling of gene expression patterns throughout the Plasmodium life cycle 

revealing a streamlined continuous transcriptional cascade which is largely 

conserved between Plasmodium strains and species in steady state conditions 

(Bozdech et al., 2003, Le Roch et al., 2003, Young et al., 2005, Llinás et al., 2006). 

It was microarrays that revealed the “just-in-time” model of transcription in 

Plasmodium and have provided bioinformatic resources for transcriptomic 

exploration in gametocyte and asexual development in vitro and in vivo (Bozdech 

et al., 2003, Le Roch et al., 2003, Llinás et al., 2006, Pelle et al., 2015).   

 

In a recent study, Llorà-Batlle et al. produced a transgenic parasite line 

(background E5 (3D7 subclone)) whereby ap2-g (PF3D7_1222600) could be 

conditionally activated using rapamycin to generate conversion rates of >90%. 

With this parasite line, the transcriptional signature of sexually committed 

schizonts downstream of AP2-G (40 to 48 hours post invasion (hpi)) and early 

sexual stages (5 to 10 hpi and 10 to 20 hpi) was investigated using a custom Agilent 

microarray. Across all cell types, gene families such as surfin (surf1.2 

(PF3D7_0116300), surf4.1 (PF3D7_0402200), surf4.2 (PF3D7_0424400), surf8.2 

(PF3D7_0830800) and surf13.1 (PF3D7_1301800)), and early transcribed 

membrane proteins, etramp (etramp4 (PF3D7_0423700) and etramp9 

(PF3D7_0936300)) were significantly upregulated in sexually committed parasites. 

Using Chromatin immunoprecipitation sequencing (ChIP-seq), 71% of highly 

upregulated genes were found to be bound to AP2-G suggesting that they are 

direct targets. In contrast, gene families involved in antigenic variation and 

asexual development were downregulated in sexually committed parasites, such 

as mesa (PF3D7_0500800), kahrp (PF3D7_1016300), pfemp3 (PF3D7_0201900), 
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pf332 (PF3D7_1149000), and hrpiii (PF3D7_1372200).  These genes were not bound 

by AP2-G with only 5% of downregulated genes shown to be bound to AP2-G by 

ChIP-seq. In sexually committed schizonts specifically, only 6 genes were 

significantly downregulated, three of which encoded proteins of the RhopH 

complex or plasmodial surface anion channel (PSAC). These genes included clag3.1 

(PF3D7_0302500), clag2 (PF3D7_0220800) and rhoph3 (PF3D7_0905400) (Llorà-

Batlle et al., 2020). Microarrays have therefore allowed the exploration of the 

Plasmodium transcriptome, shedding light on the transcriptional signature of 

sexual commitment. However, microarrays are limited by their dependence on a 

pre-defined set of oligonucleotide probes, making them hypothesis driven rather 

than exploratory tools.   

 

The development of bulk RNA sequencing technologies has improved the 

resolution of transcriptomic datasets generated from microarrays. This approach 

overcomes the need for prior knowledge and technical limits of detection. Bulk 

RNA sequencing approaches validated microarray data, in addition to identifying 

transcription start sites, alternative splice sites, antisense transcripts in gene 

regulation, the co-transcription and stabilisation of genes, and the 

characterisation of untranslated flanking regions (Sorber et al., 2008, Otto et al., 

2010b, López-Barragán et al., 2011, Otto et al., 2014, Zhu et al., 2016, Adjalley 

et al., 2016, Painter et al., 2018). Bulk RNA sequencing also revealed a large non-

coding RNA (ncRNA) transcriptome in P. falciparum, likely involved in tight gene 

regulation, antigenic variation, virulence, and pathogenicity (Raabe et al., 2010). 

These approaches, however, represent an average gene expression across a 

population level masking potential biological heterogeneity. For example, only a 

subset of parasites (1-30%) will undergo sexual commitment. Therefore, 

transcriptional signatures for sexually committed schizonts could be masked using 

microarray or bulk RNA sequencing approaches (Pelle et al., 2015). 

 

The first scRNAseq study was applied to a 4-cell stage mouse blastomere (cells 

derived from the cleavage of a zygote) in 2009 by Tang et al. (Tang et al., 2009). 

This approach was first applied to Plasmodium by Poran et al, where 18,000 

transcriptomes were analysed using Dropseq to investigate sexual commitment in 

a conditional ap2-g knockdown line and wild-type NF54. This study confirmed the 

previously hypothesised positive feedback loop of ap2-g demonstrating two peaks 
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in ap2-g expression (Kafsack et al., 2014, Poran et al., 2017). Additionally, 19 

genes were identified to be associated with sexual commitment upon ap2-g 

activation including msrp1 and members of the small family of polymorphic 

surface antigens, surfin. Genes involved in gene regulation such as the ApiAP2 

transcription factors, ap2-g5 (PF3D7_1139300) and PF3D7_1222400, genes 

involved in chromatin remodelling such as iswi (ISWI chromatin remodelling 

complex ATPase, PF3D7_0624600) and snf2l (PF3D7_1104200), and histone 

modifying enzymes such as histone deacetylase 1 (hda1, PF3D7_1472200) and 

lysine specific histone demethylase (lsd2, PF3D7_0801900) were shown to be 

sequentially upregulated following ap2-g activation (Poran et al., 2017).  

 

Following this study, the entire process of sexual commitment in response to 

nutrient depletion was investigated using a pseudo-single cell experimental 

approach and the Pf2004/164tdt reporter line (Brancucci et al., 2018). Using 

LysoPC depleted medium, reporter parasites were induced to undergo sexual 

commitment allowing the investigation of pathways upstream of ap2-g activation. 

Using this experimental design, two transcriptional signatures were defined 

amongst the 881 transcriptomes obtained from LysoPC depleted conditions: one 

reflecting a shared metabolic response between parasites grown in nutrient 

limiting conditions, and a distinct sexual commitment signature present in a 

subset of parasites. Using clustering analysis, a cluster enriched in ap2-g was 

identified and used to perform differential gene expression (DGE) analysis to 

define a sexually committed transcriptional signature. Transcription factors (e.g., 

ap2-lt, PF3D7_0802100), epigenetic regulators (e.g., set9, PF3D7_0508100), and 

kinases (e.g., PF3D7_1145200) were amongst genes upregulated in sexually 

committed cells. When comparing the sexually committed transcriptional 

signature with Poran et al., msrp1 was among the shared hits of upregulated genes 

in sexually committed cells highlighting a potential functional role in the sexual 

commitment trajectory (Poran et al., 2017). Previous bulk RNA sequencing data 

comparing parasites grown in LysoPC depleted medium and serum supplemented 

medium revealed an upregulation of enzymes involved in an alternative substrate 

arm of the Kennedy pathway in LysoPC depleted conditions (described in Section 

1.1.2) (Brancucci et al., 2017). However, when investigating the transcriptional 

signature of sexually committed cells in this same medium, two key enzymes in 

this alternative Kennedy pathway, ethanolamine kinase (ek, PF3D7_1124600) and 
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phosphoethanolamine methyltransferase (pmt, PF3D7_1343000), were not 

differentially expressed. This suggests that in nutrient depleted conditions, there 

is a shared transcriptional signature relating to metabolic adaptation, with a 

subset of cells displaying a distinct sexual commitment transcriptional signature 

(Brancucci et al., 2018).  

 

Since 2018, several scRNAseq projects have contributed to the Malaria Cell Atlas 

Project, a large transcriptomic database encompassing the full life cycle of several 

Plasmodium spp. at single cell resolution (Nötzel and Kafsack, 2021). Using a 

combination of Smart-Seq2 and the 10X Chromium platform, single cell 

transcriptomes have been generated for P. berghei, P. falciparum, and P. 

knowlesi including for mosquito stages in P. falciparum and P. berghei (Reid et 

al., 2018, Howick et al., 2019, Real et al., 2021, Witmer et al., 2021). Unpublished 

transcriptomes from circulating asexual and sexual stages collected from 

symptomatic P. malariae and P. ovale patients have recently been added. The 

most recently published additions to the Malaria Cell Atlas project investigated 

sexual development in P. berghei and P. falciparum (Russell et al., 2023, Dogga 

et al., 2024). In the latter scRNAseq study in P. falciparum, Dogga et al. focussed 

on transcriptional transitions from ap2-g positive cells in the subsequent cycle 

after commitment, through to differentiation into male and female gametocytes. 

At the earliest point of commitment identifiable in their study, they found an 

upregulation of members of the etramp family, surfin family, hda1, lsd2 and sir2a 

(PF3D7_1328800) in ap2-g positive clusters. This cluster had a downregulation in 

genes associated with surface exported proteins such as gbp130 (PF3D7_1016300), 

kahrp and pf332 (Dogga et al., 2024). This database of published and unpublished 

transcriptomes provides a reference framework for scRNAseq experiments and 

allows the exploration of gene expression across multiple life cycle stages and 

Plasmodium spp.   

 

Most transcriptomic analysis investigating sexual commitment has focused on 

stages or events downstream of ap2-g activation. These studies often utilised 

conditional expression of ap2-g rather than environmental induction which likely 

triggers a transcriptional cascade more akin to what is observed in vivo. A more 

in-depth study on the transcriptional signature of sexually committed schizonts, 
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which allows the exploration of events upstream of ap2-g, is required to unravel 

the complete sexual commitment transcriptional cascade.  

 

5.1.2 The 10X Chromium Single Cell Pipeline 

Since the first scRNAseq study of a single blastomere in 2009, there has been a 

huge expansion on single cell technologies, the scope of have been extensively 

reviewed (Briggs et al., 2021, See et al., 2018, Wang et al., 2019, Ziegenhain et 

al., 2017, Hedlund and Deng, 2018, Valihrach et al., 2018). Chromium by 10X 

Genomics is the most widely used single cell platform, a droplet-based 

microfluidic method which generates high throughputs at relatively low costs per 

cell (Ziegenhain et al., 2017, Haque et al., 2017, See et al., 2018). The principal 

steps in this methodology are detailed below and summarised in Figure 5-1; note 

that the methodological pipeline detailed here is applicable to other single cell 

platforms.  

 

The first step in a scRNAseq experiment is sample preparation where the aim is to 

generate a cell suspension of which at least 90% of cells are viable. Cell 

suspensions with substantial ongoing apoptosis results in the release of ambient 

RNA which can be incorporated into droplets resulting in poor capture rates and 

contamination of live transcriptomes (Yang et al., 2020, Briggs et al., 2021). For 

Plasmodium, an additional step of host cell lysis may be required prior to loading 

(Reid et al., 2018, Howick et al., 2019). Single cells can be captured using a Gel 

bead in Emulsion (GEM) approach where cells at the desired concentration are 

loaded onto the Chromium chip (an 8-channel microfluidic chip), alongside gel 

beads and oil in separate wells. Gel beads contain oligonucleotides which consist 

of a 10X 14 bp oligonucleotide barcode for cellular identity, 10 bp unique 

molecular identifiers (UMIs) to tag transcripts, and 30 bp oligo-dTs to capture 

polyadenylated tails of mRNA (Zheng et al., 2017). Individual cells can then be 

partitioned with barcoded gel beads into single nanolitre aqueous reaction 

droplets, or GEMs. Within each GEM, cell lysis occurs, and poly-T primed mRNA 

molecules are reverse transcribed into complement DNA (cDNA) tagged with UMIs 

at the 3’ end of the molecule. After reverse transcription, the emulsion can be 

broken and tagged cDNA molecules pooled together for polymerase chain reaction 

amplification, library construction and Illumina next generation sequencing. 

Reads can then be mapped to a reference genome (here, P. falciparum clone 3D7) 
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and a transcript count matrix generated for downstream data analysis and 

visualisation (Haque et al., 2017, See et al., 2018, Zheng et al., 2017, Briggs et 

al., 2021).  

 

 

 

 
 
Figure 5-1. Droplet based single cell RNA sequencing (scRNAseq) workflow. A cell suspension 
with free Plasmodium (red blood cells (RBCs) lysed prior to loading) at a known concentration is 
loaded onto a microfluidic chip with necessary reaction reagents. In separate wells, partitioning 
oil and barcoded beads are loaded. Individual cells are encapsulated into single droplets containing 
a barcoded bead resulting in Gel bead in Emulsion or GEMs. Within each droplet, the cell is lysed 
and polyadenylated messenger RNA (mRNA) are reversed transcribed and tagged with a unique 
molecular identifier (UMI). After reverse transcription, the emulsion can be broken pooling total 
cDNA together for complement DNA (cDNA) amplification and library preparation. Libraries are 
then sequenced using Illumina next generation sequencing (NGS). Reads can then be mapped to a 
reference genome, in this case, P. falciparum clone 3D7. Abbreviations: GEMs, gel beads in 
emulsion; mRNA, messenger RNA; cDNA, complement DNA; NGS, next generation sequencing. 
Figure created with BioRender.com based on Briggs et al., 2021 and Zheng et al., 2017 (Zheng et 
al., 2017, Briggs et al., 2021). 
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5.1.3 Plasmodium Strains, Conversion Rates, and Transmission 

Settings 

To successfully transmit to the definitive host of the mosquito vector, Plasmodium 

must undergo sexual commitment to produce gametocytes. In terms of fitness, 

the transmission of gametocytes to the mosquito vector corresponds to 

reproductive success (Schneider and Reece, 2021). This transfer of gametocytes 

to the mosquito represents a bottleneck in the parasite life cycle which is an 

attractive target for transmission blocking strategies (Nilsson et al., 2015). 

Parasites need to balance the within-host survival, which favours asexual 

replication, with between-host transmission, which favours sexual reproduction. 

The proportion of gametocytes produced within a given intraerythrocytic cycle is 

deemed the conversion rate. This conversion rate exhibits adaptive plasticity and 

is responsive to environmental factors such as antimalarial treatment, host cell 

age, extravascular vesicles, endoplasmic reticulum stress, and LysoPC depletion 

(Buckling et al., 1999, Peatey et al., 2013, Mantel et al., 2013, Regev-Rudzki et 

al., 2013, Chaubey et al., 2014, Brancucci et al., 2017, Schneider et al., 2018). 

Ultimately, the plasticity of conversion rate allows for the maintenance of 

parasite fitness in different contexts. For example, it has been demonstrated that 

in paediatric cases of asymptomatic, uncomplicated, and severe malaria, 

inflammatory responses results in a decline in plasma LysoPC concentrations which 

was associated with a larger investment in sexual conversion over asexual 

reproduction (Abdi et al., 2023). 

 

Different geographical settings present different challenges which may alter the 

conversion rate of parasites. In high transmission areas, such as in sub-Saharan 

Africa, parasites experience greater within-host competition due to mixed 

genotype infections, antimalarial drug treatment and host immune responses, 

with more opportunities to transmit to the mosquito vector. In these 

circumstances, parasites invest more in asexual reproduction. The inverse is true 

for low transmission settings, such as in Southeast Asia, where there are fewer 

mixed infections and less opportunities for transmission (Greischar et al., 2016, 

Schneider and Reece, 2021). Indeed, it is known that the conversion rate varies 

between genotypes and parasite strains (Pollitt et al., 2011). For instance, the 

culture adapted parasite strains Pf2004 and Dd2 represent two strains of low and 

high background sexual conversion, respectively, and different sensitivities to 
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LysoPC. These two strains were originally derived from geographically distinct 

locations; Pf2004 originated from a high transmission setting (West Africa) while 

Dd2 from a low transmission setting (Southeast Asia) (Elliot, 2007, Hommel et al., 

2010, Wellems et al., 1990). The transcriptional differences between 

geographically distinct strains in relation to sexual commitment has not been 

largely explored.  

 

5.1.4 Aims and Hypotheses 

During infection, the conversion rate (i.e., the proportion of gametocytes 

produced in a given intraerythrocytic cycle) is responsive to environmental factors 

such as the depletion of the serum phospholipid LysoPC (Brancucci et al., 2017). 

Different parasite strains exhibit different sensitivities to this environmental 

trigger, however, the transcriptional programme underlying different parasite 

responses to this environmental trigger remains unclear.   

 

In the previous chapter, sexually committed schizonts in the BM of severe 

paediatric P. falciparum malaria cases were identified. Sexually committed 

parasites and gametocytes collectively represented 35% of parasites in the BM. 

Therefore, an additional population of asexual parasites exist in the BM. Due to 

the unique environment of the BM (e.g. local LysoPC depletion), this BM asexual 

population may be transcriptionally distinct from asexual parasites sequestered in 

other tissues.  

 

The overall aim of this chapter was to use scRNAseq to deconvolute the 

transcriptional signatures of sexually committed and asexual schizonts across two 

parasite strains with different LysoPC sensitivities.  

 

Specifically, I aimed to: 

• Validate previous findings from bulk RNA sequencing.  

• Investigate the sexual commitment transcriptional pathway from the 

initial response to LysoPC depletion and progression towards the 

development of sexually committed schizonts.  

• Determine the transcriptional differences between asexual and 

sexually committed schizonts under LysoPC limiting conditions.  
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5.2 Experimental Outline 

To investigate the transcriptional signatures of sexually committed and asexual 

schizonts across two parasite strains with different LysoPC sensitivities, a sexual 

conversion assay was adapted (Brancucci et al., 2018). This assay utilises a 

minimal fatty acid (mFA) medium, devoid of LysoPC, which serves as a strong 

inducer of sexual commitment. Two geographically distant culture-adapted P. 

falciparum strains with differing sensitivities to LysoPC were used: Pf2004/164tdt, 

which is less sensitive to LysoPC fluctuations as represented by a lower conversion 

rates in serum, and Dd2 WT, which is more sensitive to LysoPC fluctuations as 

represented by a higher conversion rates in serum. Pf2004 had been previously 

transfected with a reporter plasmid 164tdTom whereby the expression of the 

fluorescent protein tdTomato is under the control of a gametocyte specific 

promoter (PF3D7_1016900) (Buchholz et al., 2011, Aingaran et al., 2012, 

Brancucci et al., 2015).  

 

At 26/28 hpi, the sexual commitment assay was initiated by growing washed 

parasites in either serum supplemented media or mFA (Figure 5-2). Two time 

points were collected in schizonts approximately 16 and 22 hours after induction 

(Figure 5-3A). Time points were taken in the evening and therefore parasites 

were stored in Hypothermasol® FRS at 4oC until they were ready to be processed 

and handed over during the day to Glasgow Polyomics. After storage for <10 hours, 

parasites were washed in 0.2% bovine serum albumin (BSA)/phosphate buffered 

saline (PBS) and red blood cells (RBCs) were lysed using saponin (0.1%). Cell counts 

for each sample was performed by haemocytometer and flow cytometry. Parasites 

grown in the same media were pooled together in equal ratios to produce two 

samples, ‘mFA’ and ‘serum’, at a final concentration of 1x106 cells/mL (Figure 5-

3B). A final cell count was performed by flow cytometry before immediately 

loading onto the 10X chromium machine. The 10X cDNA libraries were sequenced 

on an Illumina NextSeq 550 to a sequencing depth of approximately 50,000 reads 

per cell. In parallel, a sexual conversion assay was established in a 96 well plate 

to determine the parasite multiplication rate (PMR) and the conversion rate. Full 

details on the methodology can be found in Section 2.5.  

 

Note that throughout this chapter, Pf2004/164tdt is referred to as Pf2004, and 

Dd2 WT is referred to as Dd2. 
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Figure 5-2. Representative images of Pf2004 and Dd2 in vitro cultures at 26/28 hours post 
invasion (hpi). 
 

 

 

Figure 5-3. single cell RNA sequencing (scRNAseq) experimental outline. (A) Pf2004 and Dd2 
(Pf2004/164tdt (gametocyte reporter line) and Dd2 WT) were grown in vitro at 4-6% parasitaemia 
at 2.5% haematocrit. At 26/28 hours post invasion (hpi), the sexual commitment assay was initiated 
by growing parasites in either minimal fatty acid medium (mFA) or serum supplemented medium 
(serum). Two time points were collected during schizonts and stored in Hypothermasol® FRS at 
4oC. (B) Parasites grown in the same media for each strain and time point were pooled together in 
equal ratios to generate two pooled samples, ‘mFA’ and ‘serum’, for loading onto the 10X 
chromium machine. Abbreviations: hpi, hours post invasion; mFA, minimal fatty acid (LysoPC 
depleted growth medium); t1, time point 1; t2, time point 2. Figure created with BioRender.com. 
 

 

 

5.3 Sexual Conversion Assay 

To determine whether the sexual conversion assay was successful, PMR and 

conversion rates were measured by flow cytometry. For PMR, parasites were 

stained with SYBRGreen+ to stain nucleic acids and measured on the MACSQuant 

VY flow cytometer using the GFP/FITC channel on day 0 of induction (i.e., the day 

the sexual conversion assay was initiated) and after parasite reinvasion on day 2. 

Similarly, to determine conversion rates, parasites were stained with both 

SYBRGreen+ and Tubulin TrackerTM Deep Red (which stains microtubule networks 

in gametocytes), and measured using the GFP/FITC and mKate channels (Li et al., 

2022). Cells were gated to determine parasitaemia (Figure 5-4A) and 

gametocytaemia (Figure 5-4B). Note that the Pf2004/164tdt cell line expresses 

tdTomato under the control of a gametocyte specific promoter (PF3D7_1016900) 
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and therefore gametocytaemia read outs could be performed using the PE channel 

instead of the mKate channel (Buchholz et al., 2011, Aingaran et al., 2012, 

Brancucci et al., 2015). To be consistent between strains, gametocytaemia 

measurements were made using Tubulin TrackerTM Deep Red staining and the 

mKate channel for both strains.  Flow cytometry data was analysed using FlowJo 

software (v. 10.7.2).  

 

 

 

 
Figure 5-4. Gating strategy for sexual conversion assay flow cytometry in Pf2004. (A) Gating 
strategy for determining parasitaemia. Parasitaemia was measured by firstly selecting parasites 
and then isolating single cells. Parasites were measured based on GFP/SYBRGreen positivity in the 
GFP/FITC channel. (B) Gating strategy for measuring gametocytaemia. Gametocytaemia was 
measured by selecting parasites and then isolating single cells. Double positive parasites for 
SYBRGreen and Tubulin Tracker were gated allowing gametocytes to be quantified. Abbreviations: 
iRBCs, infected red blood cells. 
 

 

 

PMR was lower in mFA conditions compared to serum for both strains as 

anticipated (Brancucci et al., 2015). The mean PMR in mFA was 2.8 (95% 

confidence interval (CI): 2.5 to 3.1) and 4.4 (4.2 to 4.5) for Pf2004 and Dd2 

respectively. In contrast, the mean PMR in serum was 6.8 (95% CI: 6.5 to 7.0) for 
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Pf2004 and 7.6 (95% CI: 5.7 to 9.5) for Dd2. Conversion rates were higher in mFA 

compared to serum, with a mean conversion rate in mFA of 23% (95% CI: 13.2% to 

33.5%) for Pf2004 and 32% (95% CI: 16.0% to 48.3%) for Dd2. This difference in 

conversion rate between the two strains in mFA was not significant (p = 0.118). 

Dd2 exhibited a higher background conversion rate of 2.7% (95% CI: 0.8% to 4.7%) 

reflecting the hypersensitivity of this strain to LysoPC (Figure 5-5). The presence 

of gametocytes was confirmed by microscopy (Figure 5-6). Calculations for PMR 

and conversion rate are detailed in Section 2.4.5. 

 

 

 

Figure 5-5. Parasite multiplication rate (PMR) and conversion rate for Pf2004 and Dd2. Bar 
graph showing mean (95% confidence interval (CI)) sexual conversion rates in each growth 
condition (mFA and Serum) for each strain (Pf2004 and Dd2). Conversion rates were measured as 
a percentage of gametocytes over the total reinvaded population (left axis). PMR is shown on the 
right axis. There was no significant difference between strain conversion rates (p=0.118). 
Statistical test used was unpaired t test. N=3 biological replicates with 3 technical 
replicates/experiment. Calculations for PMR and conversion rates can be found in Section 2.4.5.     
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Figure 5-6. Blood smear of Pf2004 and Dd2 in vitro cultures confirms the presence of 
gametocytes following the sexual conversion assay. 
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5.4 Quality Control, Clustering and Annotation   

5.4.1 Separating Pooled Strains  

Pf2004 and Dd2 cells were pooled together prior to running on the 10X flow cell 

(Figure 5-3B). Pooling strains and using genetic-based separation reduces costs as 

fewer channels are used on the Chromium chip. To separate the two strains post 

hoc (i.e., computationally), strain-specific single nucleotide polymorphisms 

(SNPs) and competitive mapping were used. The genomes of Pf2004 and Dd2 were 

combined into a single genome and cells were mapped and assigned the strain 

with superior mapping for each replicate. Uniform manifold approximation and 

projection (UMAP) visualisation with low resolution clustering demonstrates the 

distinctive transcriptomes of these two P. falciparum strains (Figure 5-7A). After 

strain identities were assigned to each cell, the proportions of each strain per 

replicate was determined revealing approximately equal proportions of each 

strain in each replicate (Figure 5-7B).  

 

 

 

Figure 5-7. Separating pooled parasite strains computationally. Genomes of Pf2004 and Dd2 
were combined into a single genome. (A) UMAP of combined Pf2004 and Dd2. (B) Proportion of 
cells assigned Pf2004 or Dd2 strain identities in each replicate. Replicate 3A and 3B are technical 
replicates of each other (the same sample was run twice due to a clogging failure in the 10X 



 

 

202 
Chromium machine). The aim was to pool strains in equal proportions for each replicate, as 
described in Section 2.5.4, which was successfully achieved. 
 
 

 

Transcriptional differences between Pf2004 and Dd2 were explored using the 

combined Pf2004-Dd2 genome. Genes that have no sequence differences will be 

ignored in this analysis. Genes from the merozoite surface protein (MSP) multigene 

family were among top differentially expressed genes between the two strains. 

These genes included msp1 (PF3D7_0930300), msp2 (PF3D7_0206800), msp4 

(PF3D7_0207000) and msp9 (PF3D7_1228600). This family of proteins is known to 

exhibit extensive polymorphisms with msp1 and msp2 commonly utilised for 

characterising genetic diversity in mixed infections or for identifying recrudescent 

infections (McBride et al., 1985, Soulama et al., 2009, Mwingira et al., 2011, 

Hamid et al., 2013, Sondo et al., 2019, Baina et al., 2023).  The PfEMP1 variant, 

var2csa, was found to be a marker gene for Pf2004, likely attributed to prior 

cytoadherence selection for adhesion to immobilised CSA in vitro (Figure 5-7) 

(Hommel et al., 2010).   
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Figure 5-8. Heatmap of the top 10 differentially expressed marker genes between Pf2004 and 
Dd2. Genomes of Pf2004 and Dd2 were combined into a single genome and clustered at low 
resolution to identify a Pf2004 and a Dd2 cluster. Marker genes were determined for the Pf2004 
and Dd2 clusters. The heatmap represents the expression level of the top 10 marker genes 
identified in each strain. Each column along the X axis of the heatmap represents a cell coloured 
by the expression level of the given gene on the Y axis. 
 

 

 

5.4.2 Quality Control  

Initial mapping of raw reads against the P. falciparum reference genome 3D7 with 

extended 3’ untranslated regions was completed using Cell Ranger (v.7.0.0), 

performed by Thomas Otto. Despite employing the same experimental setup for 

each replicate, there was variation in the total number of cells returned for each 

run (Table 5-1). Although counting was performed by haemocytometer and flow 

cytometry before and after pooling, the Chromium chip was overloaded for 
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replicate 2 resulting in a higher number of doublets compared to other replicates. 

For replicate 3, a clogging failure on the 10X Chromium machine occurred due to 

an issue with a specific lot number of gel beads. Despite these technical setbacks, 

sequencing was performed on all samples allowing the recovery of 83,819 cells 

(46,938 cells for mFA and 36,881 for serum) across all replicates. Quality control 

was performed on individual samples before integration to remove noise and low 

quality cells (Figure 5-9) (Kolodziejczyk et al., 2015).  

 

Across the three replicates, a median UMI/cell count ranging from 3684-5873 was 

achieved. This was higher than previous Plasmodium single cell datasets 

generated at the University of Glasgow, and up to 10 times higher than what was 

achieved in the first P. falciparum Malaria Cell Atlas which had a mean UMI/cell 

count of 587. The median genes/cell expressed across replicates was between 

1151 to 1863 genes, representing an increase of up to 2-5 times higher compared 

to previous datasets (Table 5-1) (Howick et al., 2019, Hentzschel et al., 2022).  

 

To deconvolute strain identity and eliminate multiplets, the computational tool 

Demuxlet was utilised. Demuxlet uses genetic variation (i.e., SNPs) to distinguish 

between sample identities within singlets (here between Pf2004 and Dd2) from 

multiple samples pooled together using barcoded single cell sequencing  (Kang et 

al., 2018). After quality control, a total of 53,533 cells was retained (31,945 mFA 

and 21,588 serum) across the three replicates (Figure 5-9, Table 5-1). Therefore, 

36% of cells were removed due to doublets or poor annotation.   
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Figure 5-9. single cell RNA sequencing (scRNAseq) quality control (QC) thresholds for each sample. Scatterplots with quality control thresholds for filtering low 
quality cells where each point represents a cell. (A) nCount_RNA (i.e., UMI or unique transcript count) is plotted against nFeature_RNA (gene counts). A range of 
nCount_RNA and nFeature_RNA values are expected due to the varying expression levels and RNA content of different Plasmodium blood stages. Cells which 
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deviate from most cells in the dataset likely represent droplets containing multiple cells or droplets with ambient RNA contamination, and are therefore removed. 
Cells passing QC are located in the lower left quadrant highlighted in mFA_1. (B) nCount_RNA against the percentage of mitochondrial counts. Cells with a high 
percentage of mitochondrial counts often indicate cells which are stressed or dying and are therefore removed. Cells passing QC are below the red dashed line 
highlighted in mFA_1. Black or red dashed lines indicate threshold levels. Thresholds for each parameter can be found in Section 2.6.1, Table 2-6. 
 

 

 

 

Table 5-1. Cell ranger outputs and cell counts.  

*mean values instead of median.  
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5.4.3 Sample Integration & Unsupervised Clustering  

After quality control, each strain was subset based on Demuxlet strain annotation 

and replicates were integrated together using Harmony (an algorithm for 

integrating single cell datasets) to generate two Seurat objects, one for each 

strain (Korsunsky et al., 2019) (Figure 5-10). Integrating both strains together and 

using different integration methods (Seurat integration) was tested. UMAP 

nonlinear dimensionality reduction was performed on the first 30 principal 

components. For both strains, cells were arranged in a circular fashion 

corresponding with the asexual life cycle. Objects were further refined by 

removing clusters with low UMI counts and gametocyte clusters (based on pfs16 

(PF3D7_0406200) expression). Gametocytes were removed since a gametocyte 

time point was not taken during this experiment, and therefore it was not possible 

to determine if gametocytes were the result of the sexual commitment assay or 

from previous cycles. Clusters were identified using a cluster resolution of 0.2 for 

Pf2004 and 0.25 for Dd2, respectively. This generated seven clusters for Pf2004 

and six clusters for Dd2. The additional cluster identified in Pf2004 formed an 

inner ring of cells spanning the UMAP (Figure 5-11). The relevance of this inner 

ring of cells is discussed in Section 5.6.2 (Figure 5-24). After quality control and 

the exclusion of specific clusters, 15,611 and 8340 cells were retained for Pf2004 

in mFA and serum, respectively. Similarly, for Dd2, 8864 and 10,431 cells were 

retained in mFA and serum, respectively. Since Pf2004 and Dd2 were analysed 

separately, this difference in cell numbers after quality control will not be 

detrimental, particularly since a high number of cells was retained for both 

strains. 
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Figure 5-10. Minimal fatty acid (mFA) and Serum samples from each replicate were integrated 
into single Seurat objects depending on strain identity using Harmony. Replicates were 
integrated together using Harmony for each strain generating two Seurat objects: Pf2004 and Dd2 
(Korsunsky et al., 2019). Each Seurat object (Pf2004 and Dd2) contains both cells grown in mFA 
and cells grown in Serum. Figure demonstrates the Pf2004 and Dd2 integrated objects separated 
according to the original sample (e.g., 1_mFA represents cells grown in mFA captured from the 
first replicate). This figure shows concordance in the uniform manifold approximation and 
projection (UMAP) for each replicate, and therefore successful integration. Each point represents 
an individual cell. 
 
 
 

 

 

Figure 5-11. Pf2004 and Dd2 uniform manifold approximation and projections (UMAPs).  
Following the removal of cells with low unique molecular identifier (UMI) counts (i.e., low 
transcript counts) and gametocyte clusters, seven clusters were identified for Pf2004, and six 
clusters were identified for Dd2 at a cluster resolution of 0.2 and 0.25 respectively. Using these 
cluster resolutions, an additional cluster was identified in Pf2004 spanning the inner ring of the 
UMAP. Arrows on the Pf2004 UMAP indicate a separation into inner and outer clusters. The 
relevance of the inner and outer ring of cells is discussed in Section 5.6.2, Figure 5-24. 
 

 



 

 

209 
 

5.4.4 Correlating Clusters with Published Datasets 

Clusters were annotated according to their correlation with the P. falciparum 

Smart-Seq2 Malaria Cell Atlas reference using scmap (Reid et al., 2018, Howick et 

al., 2019, Kiselev et al., 2018) (Figure 5-12A). scmap is a computational tool used 

to transfer cell type annotations from a reference scRNAseq dataset to a query 

scRNAseq dataset (Kiselev et al., 2018). Based on this reference mapping, 70% and 

74% of cells for Pf2004 and Dd2 respectively were assigned a developmental stage. 

Cell identifications were confirmed using asexual marker genes ranging from rings 

to late schizonts (Figure 5-13). Marker genes corresponded with cell annotations 

based on the Malaria Cell Atlas reference mapping.  

 

Despite harvesting only two time points, cells throughout the asexual 

intraerythrocytic cycle were identified. Most cells captured were early and late 

schizonts. In serum conditions, a small proportion of late rings were present. This 

was likely due to faster growth rates, reflected by a higher PMR in parasites grown 

in serum compared to parasites grown in mFA (Figure 5-5, Figure 5-12B).  

 
 
 

Figure 5-12. Assignment of asexual developmental stages to cells and their proportions after 
quality control. (A) Cell stage assignment was based on mapping of published P. falciparum Smart-
Seq2 data from the Malaria Cell Atlas using scmap (Reid et al., 2018, Howick et al., 2019, Kiselev 
et al., 2018). Each point on the uniform manifold approximation and projection (UMAP) represent 
a cell. (B) Relative proportion of parasite clusters across conditions for each strain. Abbreviations: 
mFA, minimal fatty acid; NA, not assigned. 
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Figure 5-13. Uniform manifold approximation and projection (UMAP) of Pf2004 and Dd2 cells 
coloured by the expression level of cell stage marker genes. Expression patterns of marker genes 
from rings-late schizonts corresponded with clusters and scmap single cell reference annotation. 
Each strain is represented by a single UMAP which consists of both mFA and Serum grown cells 
integrated together (Section 5.4.3). Cell stage markers used: rex1 (PF3D7_0935900), piesp1 
(parasite infected erythrocyte surface protein, PF3D7_0310400), atg23 (PF3D7_1126700) and 
eba140 (erythrocyte binding antigen 140, PF3D7_1301600). 
 

 

 

5.5 Global Differences Between mFA vs Serum 

Taking insights from bulk RNA sequencing and pseudo-single cell studies by 

Brancucci et al., and given that parasites exhibited conversion rates of 20-35%,  I 

hypothesised the existence of two distinct parasite populations within mFA: those 

committed to asexual development and those committed to sexual development 

(Brancucci et al., 2017, Brancucci et al., 2018). These two populations will likely 

share a metabolic response as a consequence of LysoPC depletion (Brancucci et 

al., 2018). Before exploring the transcriptomic profiles of sexually committed and 

asexual cells, the global differences between parasites grown in mFA compared 

to parasites grown in serum were first investigated. In doing so, results can be 

compared to existing bulk RNA sequencing datasets to validate the scRNAseq 

dataset generated here. In addition, this comparison may provide insight into the 

transcriptional signatures which define sexual and asexual populations.   

 

5.5.1 DGE: mFA vs Serum 

DGE of cells grown in mFA compared to cells grown in serum was initially 

investigated at the population level across all clusters. In Pf2004, 32 genes were 

found to be significantly upregulated (adjusted p-value <0.05, log2fold change > 

0.5) while 606 genes were significantly downregulated. Amongst genes 

upregulated in mFA were ap2-g and msrp1 representing the higher proportion of 

sexually committed cells present in mFA compared to serum (Figure 5-5). This 

overlaps with early transcriptional signatures of sexually committed cells in early 

scRNAseq studies (Poran et al., 2017, Brancucci et al., 2018). In addition, enzymes 

relating to metabolic responses to nutrient depletion were found to be 

upregulated in mFA. For example, pmt and s-adenosylhomocysteinase (sahh, 

PF3D7_0520900), which have previously been shown to be induced in LysoPC 

limiting conditions, were upregulated in mFA (Figure 5-14A). For the metabolic 
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pathway of PC biosynthesis and the alternative substrate arm of the Kennedy 

pathway, see Section 1.4.4; Figure 1-8). In connection with this metabolic 

pathway, ornithine aminotransferase (oat, PF3D7_0608800), which is involved in 

ornithine homeostasis and polyamine biosynthesis, was upregulated in mFA for 

Pf2004 (Gafan et al., 2001). Whereas, in serum conditions where LysoPC is 

available, an upregulation in choline kinase (ck, PF3D7_1401800) is observed 

(Figure 5-14B). nt1 (PF3D7_1347200), an essential purine transporter, was among 

upregulated genes in mFA for Pf2004 alone likely in response to limiting nutrient 

availability in this media (El Bissati et al., 2006) (Figure 5-14A, B).  

 

In Dd2, a similar DGE pattern in mFA compared to serum was observed but to a 

lesser extent. Here, only 9 genes were significantly upregulated in mFA while 156 

genes were downregulated. Among those upregulated were ap2-g, pmt and sahh 

and those downregulated clag3.1, clag3.2 and clag2 (Figure 5-14C, D). The fewer 

genes differentially expressed between these two growth conditions for Dd2 

reflects the hypersensitivity of Dd2 to LysoPC fluctuations resulting in higher 

commitment in serum conditions, and therefore more shared genes between the 

two media conditions (Figure 5-5).  

 

In contrast, rhoph2 (PF3D7_0929400), rhoph3, clag3.1, clag3.2 (Pf3D7_0302200) 

and clag2 were found to be upregulated in serum for both Pf2004 and Dd2 (Figure 

5-14). These genes have been associated with the formation of a high molecular 

weight complex, the RhopH complex, which plays a critical role in merozoite 

invasion and solute transport (Goel et al., 2010, Nguitragool et al., 2011, Ito et 

al., 2017, Sherling et al., 2017, Schureck et al., 2021). The RhopH complex is 

comprised of three subunits, RhopH2, RhopH3 and CLAG. Once this complex is 

produced in its soluble form, it is packaged into the rhoptries to be released for 

invasion. Following invasion, this complex forms a nutrient channel, the PSAC, 

which is deposited onto the surface of the host RBC for solute uptake (Schureck 

et al., 2021). Contrary to the usual “just-in-time” model of transcription in 

Plasmodium, components of the RhopH complex are transcribed and translated in 

the cycle before they are required. Previous studies have demonstrated that the 

functionality of the PSAC is diminished in gametocytes and sexually committed 

schizonts, explaining the resistance of gametocytes to sorbitol lysis due to lower 

solute transport (Saul et al., 1990, Llorà-Batlle et al., 2020). Common to both 
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Pf2004 and Dd2, surf4.1, was upregulated in serum conditions compared to mFA. 

In contrast, surf8.2 was upregulated in mFA for Pf2004 only (Figure 5-14A, B).  

 

 

 

Figure 5-14. Global transcriptional changes between minimal fatty acid (mFA) and Serum for 
Pf2004 and Dd2. (A) Volcano plot of differential gene expression (DGE) between parasites (Pf2004) 
grown in mFA and Serum across all clusters or stages. (B) Expression levels of genes either 
upregulated (top panel) or downregulated (bottom panel) in Pf2004. (C) Volcano plot of DGE 
between parasites (Dd2) grown in mFA and Serum across all clusters or stages. (D) Expression levels 
of genes either upregulated (top panel) or downregulated (bottom panel) in Dd2. 
 

 

 

To identify shared and unique genes upregulated and downregulated in mFA 

compared to serum between the two strains, Venn diagrams were utilised (Figure 
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5-15). For upregulated genes, 18.2% (6) of genes were shared between Pf2004 and 

Dd2 including ap2-g, pmt, and sahh (Figure 5-15; Table5-2). Alongside sexual 

commitment and metabolic markers, the reticulocyte binding homologue 6, (rh6, 

PF3D7_1335200), and the cytoadhesion associated gene, mesa, was upregulated 

in mFA for both Pf2004 and Dd2. The heat shock protein 70 (hsp70, 

PF3D7_0818900) was elevated in mFA for both Pf2004 and Dd2, whereas hsp90 

(PF3D7_0708400) was upregulated exclusively in Pf2004. The upregulation of heat 

shock proteins is likely part of a stress response (Banumathy et al., 2003, 

Przyborski et al., 2015).   

 

For downregulated genes, 25.1% (153 genes) were shared between Pf2004 and 

Dd2, including clag3.1, rhoph3, and clag2, components of the RhopH 

complex/PSAC (Figure 5-15; Table5-2). The top downregulated gene shared 

between the two strains was ring-infected erythrocyte surface antigen (resa, 

PF3D7_0102200); this upregulation in serum might be explained by reinvasion 

events which were observed by smear when harvesting the late schizont time 

point, and as indicated in cell proportions of cells retained after quality control 

(Figure 5-12B). Other genes shared between the two strains were members of the 

ETRAMP multigene family, etramp11.2 (PF3D7_1102800) and etramp2 

(PF3D7_0202500). These genes transcribe proteins which localise to the 

parasitophorous vacuole (PV) membrane and could mediate plasmodium-host cell 

interactions (Spielmann et al., 2003). Genes associated with merozoite RBC 

invasion belonging to the erythrocyte binding antigen family (EBA), such as eba175 

(PF3D7_0731500), eba140 (PF3D7_1301600) and eba181 (PF3D7_0102500), were 

amongst shared downregulated genes. Likewise, invasion related genes such as 

erythrocyte binding-like protein 1 (ebl1, PF3D7_1371600), rh1 (PF3D7_0402300), 

rh3 (PF3D7_1252400) and msp2, msp3 (PF3D7_1035400) and msp6 

(PF3D7_1035500), were amongst shared downregulated genes in mFA for both 

strains (Tham et al., 2012, Molina-Franky et al., 2022).  

 

Interestingly, several surface exported proteins and cytoadherence related genes 

were found to be exclusively upregulated in mFA in Pf2004 (Figure 1-4). These 

included, garp (PF3D7_0113000), Pf332, kahrp, gbp130, and surf8.2. The absence 

of kahrp is expected in Dd2 due to a chromosomal deletion from continuous 

culture (Ribacke et al., 2007, Jiang et al., 2008). Deletion of other surface 
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exported protein/cytoadherence related genes, such as garp and pf332, do not 

exist in Dd2 (PlasmoDB, release 66). Therefore, the upregulation of other surface 

antigen related genes in mFA for Pf2004 alone requires further investigation.  

 

Together, these data validate previous bulk RNA sequencing findings which 

investigated the transcriptional differences between cells grown in mFA and serum 

at the population level (Brancucci et al., 2017). However, the advantage of 

performing scRNAseq is the ability to perform DGE analysis on specific cell types. 

Therefore, DGE between cells grown in mFA and serum was performed in early 

and late schizonts.  

 

 

 

Table 5-2. Top 25 DGE genes between mFA vs Serum. 

Top 25 genes are ordered according to fold change, from highest to lowest. All top 25 genes have 
an adjusted p value < 0.05.  
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Figure 5-15. Venn diagram comparisons of differentially expressed genes in minimal fatty acid 
(mFA) vs Serum for Pf2004 and Dd2. 
 

 

 

5.5.2 DGE: mFA vs Serum in Early and Late Schizonts 

In Pf2004 early schizonts, 25 genes were significantly upregulated, and 126 genes 

were significantly downregulated in mFA compared to serum. Many upregulated 

genes mirrored that observed in global transcriptional changes (Section 5.5.1). 

For example, ap2-g and msrp1 were significantly upregulated in addition to 

surface associated antigens such as surf8.2, mesa, gbp130, pf332 and garp, with 

mesa and gbp130 having the highest fold change. Genes related to the metabolic 

response of parasites to LysoPC limiting conditions, such as pmt and ek were 

amongst the top 25 genes significantly upregulated. In contrast, components of 

the RhopH complex/PSAC such as clag3.1, rhoph3 and clag2 were downregulated 

and among the top 25 significant genes downregulated based on fold change. 

Similarly, members of the etramp family (e.g., etramp11.2 and etramp2) were 

downregulated in mFA (Figure 5-16A, B, Table 5-3). These data reiterate the 

global transcriptional profile of cells grown in mFA compared to cells grown in 

serum matching existing bulk RNA sequencing and pseudo-single cell sequencing 

data (Brancucci et al., 2017, Brancucci et al., 2018). Similarly, in late schizonts 

in Pf2004, many of the same differentially expressed genes were identified with 

48 genes significantly upregulated and 497 genes significantly downregulated in 

mFA compared to serum (Figure 5-16C, D, Table 5-4).  

 

A similar expression pattern was observed in Dd2 however to a much lesser extent. 

In Dd2 early schizonts, only four genes were significantly upregulated, and 19 

genes were significantly downregulated. In late schizonts, 29 genes were 

significantly upregulated whereas 93 genes were significantly downregulated. This 
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smaller difference between the two conditions may reflect the higher conversion 

rates in serum in Dd2 compared to Pf2004, suggesting that cells grown in mFA are 

more similar to cells grown in serum for Dd2, due to a greater sensitivity to 

LysoPC. Many of the same genes were significantly upregulated in schizonts such 

as ap2-g, msrp1, ek, pmt, mesa, gbp130 and rh6. The highest fold change observed 

in upregulated genes for both Pf2004 and Dd2 in late schizonts was rh6. As 

observed in Pf2004, clag3.1, clag2, members of the etramp family and invasion 

related genes such as eba175, and eba181, were significantly downregulated in 

mFA. For both Pf2004 and Dd2, the highest fold change observed in downregulated 

genes in late schizonts grown in mFA was resa followed by etramp11.2 (Figure 5-

17, Table 5-3, 5-4). Overall, 11.5% (3) and 37.5% (21) of upregulated genes were 

shared between Pf2004 and Dd2 in early and late schizonts respectively. For 

downregulated genes, 14.2% (18) and 18.2% (91) of downregulated genes were 

shared between the two strains for early and late schizonts (Figure 5-18).  

 

Interestingly, when investigating transcriptional changes between these two 

conditions at the cluster level, several ncRNAs were identified. These ncRNAs 

were found to be predominantly downregulated in mFA and amongst the top 25 

significantly downregulated genes. In early schizonts, many of the differentially 

expressed ncRNAs were shared between Pf2004 and Dd2 including PF3D7_1370800, 

PF3D7_1244300, and PF3D7_1418800 (Table 5-5). While PF3D7_1148500 was only 

found in the top 25 for Pf2004, it was also significantly downregulated in Dd2 

however it was below the FC threshold (log2FC: -0.45). Similarly, PF3D7_1478900 

was found to be downregulated in Dd2 also, however, it was not part of the top25 

downregulated genes in Pf2004 in early schizonts (Table 5-4, 5-5). To investigate 

these ncRNAs further, a BLASTn (basic local alignment search tool) search was 

performed. This search identified many regions of similarity between ncRNAs on 

chromosome 8, 11 and 13 (Figure 5-19). These regions of similarity might 

represent shared functions; however, this remains to be investigated.   

 

In summary, DGE between media conditions for early and late schizonts exhibited 

many of the same DGE as identified in the population analysis in Section 5.5.1. 

However, by isolating clusters for analysis, stage specific transcriptional 

signatures are not masked. Interestingly, several ncRNAs were upregulated in 

serum in both Pf2004 and Dd2. Sequence similarity was determined between 
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ncRNAs revealing shared regions which may represent binding sites. The 

phenotypic relevance of these ncRNAs remains unknown.  

 

 

 

 

Figure 5-16. Transcriptional changes between schizonts in minimal fatty acid (mFA) and Serum 
in Pf2004. (A) Volcano plot of differential gene expression between parasites (Pf2004) grown in 
mFA for early schizonts. (B) Expression levels of genes either upregulated (top panel) or 
downregulated (bottom panel) in early schizonts (Pf2004). (C) Volcano plot of differential gene 
expression between Pf2004 parasites grown in mFA and Serum for late schizonts. (D) Expression 
levels of genes either upregulated (top panel) or downregulated (bottom panel) in late schizonts 
(Pf2004). 
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Figure 5-17. Transcriptional changes between schizonts in minimal fatty acid (mFA) and Serum 
in Dd2. (A) Volcano plot of differential gene expression between parasites (Dd2) grown in mFA for 
early schizonts. (B) Expression levels of genes either upregulated (top panel) or downregulated 
(bottom panel) in early schizonts (Dd2). (C) Volcano plot of differential gene expression between 
Dd2 parasites grown in mFA and Serum for late schizonts. (D) Expression levels of genes either 
upregulated (top panel) or downregulated (bottom panel) in late schizonts (Dd2). 
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Figure 5-18. Venn diagram comparisons of differentially expressed genes between minimal 
fatty acid (mFA) vs Serum for Early and Late Schizonts (Pf2004 and Dd2). 
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Table 5-3. Top 25 DGE genes between mFA vs Serum in early schizonts. 

Top 25 genes are ordered according to fold change, from highest to lowest. All top 25 genes have 
an adjusted p value < 0.05. ncRNAs are highlighted in purple.   
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Table 5-4. Top 25 DGE genes between mFA vs Serum in late schizonts. 

Top 25 genes are ordered according to fold change, from highest to lowest. All top 25 genes have 
an adjusted p value < 0.05. ncRNAs are highlighted in purple.  
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Figure 5-19. Regions of similarity between 3 non-coding RNAs (ncRNA) of chromosome, 8, 11. 
and 13. ncRNAs identified to be differentially expressed between mFA and Serum in schizonts 
(Table 5-3, 5-4) exhibited several regions of similarity, suggesting they may share functional roles. 
Blue arrows show the ncRNA positions in the Plasmodium reference genome (3D7). Pink to mauve 
links between chromosomes highlight the regions that BLAST against each other indicating regions 
of similarity between chromosomes. The ncRNA sequences in the regions PF3D7_08_v3:1270237-
1290240, PF3D7_11_v3:1914041-1933278 and PF3D7_13_v3_2789345-2808200 were retrieved from 
PlasmoDB (release 66) and run against each other with blastn (v. 2.13.0). 
 

 

 

5.6 Defining Asexual and Sexual Populations 

5.6.1 Mapping Known Sexual Commitment Markers 

As before described, Pf2004 and Dd2 represent two parasite strains with different 

sensitivities to LysoPC, with Dd2 being hypersensitive to fluctuations in LysoPC 

levels. The transcriptional pathway underlying different parasite responses to 

LysoPC remains unclear. To begin to explore this pathway, the gene expression 
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patterns of known sexual commitment markers (Section 1.4.3) were investigated 

along pseudotime. Pseudotime is a computational concept which infers a 

trajectory representing the temporal ordering of cells in a scRNAseq dataset (Reid 

and Wernisch, 2016). To map the expression of known sexual commitment markers 

over pseudotime, Pf2004 and Dd2 Seurat objects were split according to media 

(for example, Pf2004 mFA, Figure 5-20A). Since it was not possible to determine 

if rings originated from the previous cycle or the next cycle, ring clusters were 

removed. To easily draw a pseudotime trajectory, the cluster resolution was 

reduced allowing enough clusters for a start cluster and end cluster to be defined 

to build a slingshot trajectory (Street et al., 2018) (Figure 5-20B). Cluster 

resolution for Pf2004 mFA, Pf2004 serum, Dd2 mFA. Dd2 serum was reduced to 

0.05, 0.08, 0.08 and 0.05 respectively. Using Slingshot, cells were ordered along 

pseudotime (Street et al., 2018) (Figure 5-20C). The average expression of the 

sexual commitment markers, gdv1, gdv1as, ap2-g and msrp1, were then visualised 

over pseudotime in each condition for Pf2004 and Dd2 (Figure 5-21A, 5-22A).  

 

 

 

 

Figure 5-20. Representative figures demonstrating the ordering of cells along pseudotime. 
Representative images of how slingshot was used to draw a trajectory over pseudotime in Pf2004 
(minimal fatty acid (mFA)). (A) Annotated uniform manifold approximation and projection (UMAP) 
of Pf2004 in mFA. To visualise the average expression of sexual commitment markers over 
pseudotime for each strain (Pf2004 and Dd2) and each condition (mFA and Serum), Seurat objects 
(e.g., Pf2004) were split according to condition (e.g., mFA). (B) Removal of ring clusters and 
reduction of cluster resolution. To allow a slingshot trajectory to be drawn over pseudotime, ring 
clusters were removed as it was not possible to determine if these rings were from the previous 
or subsequent cycle. After removal of ring clusters, the cluster resolution was reduced allowing 
enough clusters for a start and end cluster to be defined. For example, for Pf2004 mFA, cluster 0 
was defined as the start cluster of the trajectory and cluster 2 was defined as the end cluster for 
slingshot (Street et al., 2018). (C) Slingshot trajectory along pseudotime in Pf2004 grown in mFA. 
Scale bar from dark to light blue indicates the progression of pseudotime from early to late stages 
in the trajectory. Referring to (A) this progression is from early trophozoites to late schizonts. 
Abbreviations: mFA, minimal fatty acid. 
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Overall, it was evident that the expression levels of, and the number of cells 

expressing, sexual commitment markers was lower in serum compared to mFA for 

Pf2004 (Figure 5-21A, 5-22). The transcriptional cascade of sexual commitment 

in Pf2004 can be deciphered over pseudotime where cells initially express gdv1, 

the expression of which is downregulated with the increase in expression levels of 

the ncRNA gdv1as. The expression of gdv1 and gdv1as reduces with the increase 

in expression of ap2-g. Once the expression of ap2-g peaks in early schizonts, the 

expression of msrp1 is increased and high throughout late schizonts. Following the 

decline in msrp1 expression levels, the previously described positive feedback 

loop of ap2-g was observed (Kafsack et al., 2014, Poran et al., 2017). The 

expression patterns of sexual commitment markers were compared to parasites 

grown in serum (Figure 5-21B). This revealed a marked decrease in the average 

expression of sexual commitment markers over pseudotime (Figure 5-21).  

 

The expression of sexual commitment markers in Pf2004 can be compared to that 

of Dd2 which is hypersensitive to LysoPC and therefore has a higher background 

conversion rate (Figure 5-5). While the overall expression was the same, there 

were a few notable differences. The peak in ap2-g expression in mFA appeared in 

the middle of early schizont growth in Dd2 whereas the peak in ap2-g expression 

in Pf2004 was towards the end of early schizonts. Like Pf2004, after the first peak 

of ap2-g expression, the expression of msrp1 reached a peak (Figure 5-21A). With 

the decline in expression levels of msrp1, the second peak of ap2-g expression was 

evident in late schizonts in Dd2. When comparing the average expression of the 

same markers in serum, the average expression of ap2-g was higher in Dd2 than in 

Pf2004 (Figure 5-21B). This may reflect the higher background conversion in Dd2 

compared to Pf2004. However, it is important to note that this is based on the 

average expression and therefore differences in cell numbers between strains may 

have an influence on the expression patterns visualised using this method (Figure 

5-21).   

 

Gene expression patterns can also be visualised on the UMAP for each strain in 

each condition (Figure 5-22). While this does not allow the identification of 

expression peaks as visualised in Figure 5-21, it allows for the visualisation of 

differences in the number of cells expressing each gene over time. From Figure 
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5-22, the number of cells expressing, and the level of expression, of sexual 

commitment associated markers was higher in mFA compared to serum for both 

strains. In contrast to Pf2004, the number of cells expressing ap2-g in serum was 

relatively higher in Dd2. Indeed, there were relatively more cells expressing all 

sexual commitment markers in serum for Dd2 compared to Pf2004 (Figure 5-22). 

This higher number of cells expressing sexual commitment markers in serum for 

Dd2 aligns with findings from DGE comparing mFA and serum conditions, where 

fewer transcriptional differences were observed between the two conditions in 

Dd2 (Section 5.5). As hypothesised in Section 5.5, this similarity between 

expression patterns of markers of sexual commitment, at least for ap2-g, in serum 

and mFA for Dd2 likely reflects the hypersensitivity of Dd2 to LysoPC fluctuations 

resulting in higher conversion rates in serum (Figure 5-22). While there were 

relatively similar cell numbers expressing ap2-g in Dd2 between mFA and serum, 

the second peak in ap2-g expression appeared to have fewer cells and lower 

expression levels in serum (Figure 5-22). 

 

In both Pf2004 and Dd2, the sexual commitment pathway from the initial 

transcriptional response to LysoPC depletion until the positive feedback loop 

activating ap2-g was determined. Between the two strains, a similar 

transcriptional pattern was observed in sexual commitment markers. However, 

the relative number of cells expressing each sexual commitment marker differed 

between the two strains. It is unknown whether the transcriptional signature of 

sexually committed schizonts differs between these two strains and therefore 

requires further investigation.  
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Figure 5-21. Temporal order of sexual commitment markers in mFA and Serum.  (A) Average 
expression of gdv1 (yellow), gdv1as (black), ap2-g (blue) and msrp1 (pink) over pseudotime in mFA 
for Pf2004 and Dd2. Pseudotime, representing the temporal ordering of cells, is displayed on the 
x axis, with the corresponding cell type annotation from the Malaria Cell Atlas using scmap 
(scmap.annotation) shown above (Reid et al., 2018, Howick et al., 2019, Kiselev et al., 2018). (B) 
Average expression of gdv1 (yellow), gdv1as (black), ap2-g (blue) and msrp1 (pink) over 
pseudotime in Serum for Pf2004 and Dd2. Abbreviations: mFA, minimal fatty acid. 
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Figure 5-22. Expression of sexual commitment markers. Uniform manifold approximation and 
projection (UMAP) coloured by the expression levels of the sexual commitment associated marker, 
gdv1, gdv1as, ap2-g and msrp1. A UMAP is presented for each strain in each condition. Each point 
on the UMAP represents a cell which is coloured by the expression level of the given gene. 
Therefore, both expression level and the number if cells expressing the given gene can be assessed.  
Abbreviations: mFA, minimal fatty acid. 
 
 

 

5.6.2 Mapping ‘Sexual’ and ‘Asexual’ Markers 

To perform DGE analysis on sexual and asexual schizonts, it was necessary to 

identify sexual and asexual clusters. In Section 5.4.3, a cluster was identified in 

Pf2004 which formed an inner ring of cells spanning the UMAP (Figure 5-23A). It 

was hypothesised that these cells clustered separately due to sexual commitment. 

To investigate this hypothesis, the expression of known sexual commitment 

markers in schizonts, and hypothesised asexual markers based on the data 

generated from mFA vs serum comparisons (Section 5.6) and previous 

publications, were plotted across all cells (Kafsack et al., 2014, Brancucci et al., 

2014, Pelle et al., 2015, Brancucci et al., 2017, Poran et al., 2017, Brancucci et 

al., 2018, Llorà-Batlle et al., 2020, Dogga et al., 2024). Here, the expression of 

ap2-g was plotted in conjunction with either clag3.1 or rhoph3 which were both 
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consistently among the top 25 (based on fold change) downregulated genes in mFA 

conditions compared to serum (Table A2-1 (Appendix 2), Figure 5-23).  

 

In Pf2004, ap2-g expression was predominantly localised to the outer ring of the 

UMAP. However, the expression of clag3.1 and rhoph3 did not result in a clear 

separation between sexual and asexual populations (Figure 5-23). Since clag3.1 

and rhoph3 did not form a distinct cluster, it is likely that these are not good 

markers for non-committed populations. Indeed, there is conflicting evidence on 

whether clag3.1 is enriched in sexual or asexual populations (Brancucci et al., 

2017, Brancucci et al., 2018). In Dd2, cells expressing ap2-g did not form a distinct 

cluster which may make it more difficult to define sexual and asexual populations.  

 

 

 

Figure 5-23. clag3.1 and rhoph3 were not markers of the cluster separation identified in 
Pf2004. (A) Uniform manifold approximation and projection (UMAP) of Pf2004 cells before cell 



 

 

230 
annotation revealing an inner ring cluster spanning the UMAP. (B) UMAP of Pf2004 and Dd2 (with 
mFA and Serum cells integrated together into a single object) annotated based on mapping of 
published P. falciparum Smart-Seq2 data from the Malaria Cell Atlas using scmap (Reid et al., 
2018, Howick et al., 2019, Kiselev et al., 2018). (C) Pf2004 and Dd2 cells coloured by expression 
ap2-g, clag3.1 and rhoph3. Pink coloured cells represent sexual commitment markers; blue 
coloured cell represents “asexual” markers. Each point on the UMAP represents an individual cell. 
Abbreviations: mFA, minimal fatty acids; NA, not assigned. 
 

 

 

Given that there was conflicting evidence regarding the downregulation of clag3.1 

in induced (sexual) and uninduced (asexual) parasites (Brancucci et al., 2017, 

Brancucci et al., 2018), markers that were consistently downregulated in induced 

cells in at least two publications were investigated. This resulted in the 

identification of pf332 and garp (Pelle et al., 2015, Brancucci et al., 2018, Llorà-

Batlle et al., 2020). With these two markers, a clear separation of clusters was 

apparent in Pf2004. No distinct clusters were identified in Dd2 using these markers 

(Figure 5-24). Now that distinct “sexual” and “asexual” clusters were able to be 

identified, DGE analysis was performed using the clusters with the most marked 

separation in Pf2004. The presence of distinct clusters reflecting high (outer ring) 

and low ap2-g expression (inner ring) in mFA allows the exploration of DGE 

between sexual and asexual clusters in Pf2004.  
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Figure 5-24. Uniform manifold approximation and projection (UMAP) of Pf2004 and Dd2 cells 
coloured by expression ap2-g, garp, and pf332. Cells expressing pf332 and garp cluster in the 
inner ring of the UMAP while ap2-g expressing cells cluster in the outer ring (Figure 23A) for 
Pf2004. Using the same markers for Dd2, no distinct cluster separations were formed. Pink 
coloured cells represent ap2-g expression; blue coloured cell represents “asexual” markers. Each 
point on the UMAP represents an individual cell. Abbreviations: mFA, minimal fatty acids.  
 

 

 

5.6.3 DGE: ap2-g High vs ap2-g Low Clusters in Pf2004 

To investigate DGE between sexual and asexual populations, the cluster resolution 

was increased from 0.2 to 1.1 to increase the number of clusters. Three 

comparisons were made where a clear separation was identified in mFA for 

Pf2004. Since this separation of cell was most obvious in mFA, and to prevent 

serum signatures diluting sexual gene expression signatures, DGE was performed 

in cells in mFA conditions alone (Figure 5-25).  

 

Across the three cluster comparisons, ap2-g was significantly upregulated with 

msrp1 also upregulated in the last comparison (cluster 9 vs cluster 6). Amongst 

these, several transcription factors and genes involved in chromatin remodelling 

were upregulated. These included members of the ApiAP2 family of transcription 

factors (Pf3D7_0516800, PF3D7_0404100, PF3D7_0613800, PF3D7_0516800, 

PF3D7_0802100, PF3D7_1218300, PF3D7_1222400, and sip2 (PF3D7_0604100)), 
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set9 (histone methyltransferase, PF3D7_0508100), hda1 (histone deacetylase, 

PF3D7_1472200), and hda2 (histone deacetylase, PF3D7_1008000). In addition, 

three ncRNAs were upregulated in sexual clusters (PF3D7_0419900, 

PF3D7_1478900, PF3D7_1244300). In the latest cluster comparison (cluster 9 vs 

cluster 6), surf8.2, which has previously been demonstrated to be associated with 

commitment, was ranked second highest based on gene expression fold change 

(Table A2-1, Appendix 2). Further the phospholipid scramblase, plscr 

(PF3D7_1022700) was amongst upregulated genes in this cluster comparison which 

has been hypothesised to play a role in sexual development (Figure 5-25) (Haase 

et al., 2021).  

 

Among the most significantly downregulated genes in sexual clusters were genes 

relating to proteins which are exported. These genes were consistently 

downregulated throughout comparisons and included garp, kahrp, gbp130, mesa, 

exported protein 1 (exp, PF3D7_1121600) and exp2 (PF3D7_1471100). In addition, 

the genes associated with the purine salvage pathway, such as hypoxanthine 

guanine phosphoribosyltransferase (hgprt, PF3D7_1012400) and nucleoside 

transporter 1 (nt1, PF3D7_1347200) and adenosine deaminase (ada, 

PF3D7_1029600), were downregulated in sexual clusters. In P. berghei infected 

mice, genes associated with purine metabolism were downregulated in sexual 

parasites within reticulocytes (Hentzschel et al., 2022). In addition, a ncRNA 

PF3D7_1370800, previously identified in mFA vs serum comparisons, was also 

found to be downregulated in sexual clusters (Figure 5-25, Section 5.5.2, Table 

5-3). Both genes associated with cytoadherence and purine metabolism were 

consistently among the top 25 downregulated genes (based on fold change) across 

comparisons (Table A2-1, Appendix 2). 
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Figure 5-25. Differential gene expression (DGE) between ap2-g high and ap2-g low clusters. 
(A) Uniform manifold approximation and projection (UMAP) of Pf2004 cells at resolution 1.1. 
Cluster resolution was increased to allow DGE analysis to be performed between parallel clusters 
from the original asexual and sexual clusters. Clusters used for DGE analysis are highlighted with 
purple ovals (cluster 5 vs 6). Volcano plot of DGE of cluster 5 vs cluster 6. (B) Clusters used for 
DGE analysis are highlighted with purple ovals (cluster 10 vs 6). Volcano plot of DGE of cluster 10 
vs cluster 6. (C) Clusters used for DGE analysis are highlighted with purple ovals (cluster 9 vs 6). 
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Volcano plot of DGE of cluster 9 vs cluster 6 The top 25 differentilly expressed genes (based on 
fold change) which were significantly upregulated or downregulated in each comparison can be 
found in Table A2-1 (Appendix 2). 
 

 

 

Now that several markers have been identified to be associated with either sexual 

or asexual clusters, their expression patterns were explored. As previously 

described (Section 5.6.1), the number of cells expressing sexual commitment 

markers (for example, ap2-g) was consistently lower in serum conditions 

compared to mFA. The expression of genes association with cytoadherence ((for 

example, garp) Figure 1-4), was highest early in the asexual cycle. However, in 

mFA conditions, there appeared to be a higher proportion of cells expressing these 

genes in a second peak of expression in early to late schizonts (Figure 5-26). It 

was clear from the average expression of genes associated with cytoadherence 

(for example, garp, kahrp, mesa, gbp130 and pf332), that there were two 

separate expression patterns in mFA and serum. Across both conditions, the 

expression of these genes was consistently high in early trophozoites before 

declining in expression. In serum, this expression remained low for the remainder 

of the asexual life cycle. However, in mFA, the expression levels of these 

cytoadherence related genes began to increase again in early to late schizonts, 

although never to the expression level of the initial peak (Figure 5-27A). 

Interestingly, these genes were among the top 25 genes significantly upregulated 

genes in asexual clusters (Table A2-1, Appendix 2).  

 

Genes encoding components of the RhopH complex/PSAC have previously been 

implicated as a marker of asexual stages (Llorà-Batlle et al., 2020). While these 

genes were downregulated in mFA compared to serum, the average expression 

level of these genes was higher in sexual clusters than in asexual clusters. These 

genes were therefore considered as not suitable asexual markers (Figure 5-26). 

 

Several ncRNAs were identified from prior DGE analysis (Section 5.5.2), which 

were further investigated to determine if there were any candidates that may be 

involved in sexual commitment gene regulation. One ncRNA, PF3D7_1370800, had 

an interesting gene expression profile which may relate to commitment. In mFA, 

the average expression level of this ncRNA remained stable throughout the asexual 

life cycle. However, in serum conditions, the average expression level was 3 times 
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higher than sexual commitment markers. The expression of PF3D7_1370800 was 

similar in mFA and serum in trophozoites. However, as the expression of ap2-g 

increased in serum conditions, there was a subsequent peak in the expression of 

PF3D7_1370800 in early schizonts. Following this peak, the expression levels of 

both ap2-g and msrp1 remained low throughout schizonts (Figure 5-27B).  

 

surf8.2 was the second highest significantly expressed gene in sexually committed 

clusters (cluster 9 vs cluster 6) based on fold change. Members of the surf 

multigene family have been consistently upregulated in ap2-g high clusters from 

previous transcriptomic studies investigating sexual commitment (Brancucci et 

al., 2014, Pelle et al., 2015, Filarsky et al., 2018, Poran et al., 2017, Llorà-Batlle 

et al., 2020, Dogga et al., 2024). Therefore, the expression patterns of this surf8.2 

was investigated in relation to sexual commitment markers. The average 

expression of ap2-g and msrp1 was plotted with surf8.2. The expression of surf8.2 

matched that of msrp1 in mFA with both reaching a peak in expression levels at 

the same point in late schizonts. The expression of both genes follows a similar 

pattern in serum conditions suggesting that their gene expression is regulated 

similarly (Figure 5-28A). Based on the similar average expression pattern of 

surf8.2 and msrp1, their co-expression was investigated. From co-expression plots 

of msrp1 and surf8.2, it was evident that these two genes are co-expressed 

(Figure 5-28B).  Through ChIP-Seq, SURF8.2 has been demonstrated to be bound 

to AP2-G suggesting that, like MSRP1, SURF8.2 is a direct target of AP2-G. 

 

Based on these observations, two major transcriptional differences were 

identified between sexually committed and asexual schizonts under limiting 

conditions: i) induced expression of cytoadherence-linked genes, such as kahrp, 

mesa, garp and pf332, in asexual schizonts (in addition to their early-stage 

expression peak) and expression of genes associated with purine metabolism (such 

as nt1 and hgprt), ii) induced expression of sexual commitment genes and gene 

expression/chromatin remodelling associated genes. In late schizonts in this 

second sexual population, the surface antigen surf8.2 was co-expressed with 

msrp1 suggesting a function for this surface antigen in sexually committed cells, 

or early gametocytes. Between these two populations in mFA, a metabolic 

response characterised by upregulation of genes of the alternative substrate arm 

of the Kennedy pathway, was shared. These two populations identified in mFA 
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differed from a third population of parasites in steady state conditions which were 

characterised by, iii) higher expression of nutrient channel components, invasion 

genes, and the ncRNA PF3D7_1370800 which may have a role in repressing sexual 

commitment akin to gdv1as.   

 

 

 

Figure 5-26. Uniform manifold approximation and projection (UMAPs) coloured by the 
expression of genes representing three identified schizont populations in Pf2004. Three 
populations with distinct transcriptional signatures were identified between minimal fatty acid 
(mFA) and Serum conditions. In mFA, two schizont populations were present: one upregulated in 
sexual commitment markers, such as ap2-g, and a second upregulated in cytoadherence related 
genes, such as garp. Genes involved in the RhopH/plasmodial surface anion channel (PSAC), such 
as rhoph3, exhibited higher expression in Serum than in mFA. Abbreviations: mFA, minimal fatty 
acid; PSAC, plasmodial surface anion channel. 
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Figure 5-27. Average expression of differentially expressed genes identified in ap2-g high vs 
ap2-g low clusters over pseudotime in Pf2004. (A) Average expression of genes associated with 
cytoadherence (garp (black), kahrp (yellow), mesa (blue), gbp130 (pink) and pf332 (dark blue)) in 
minimal fatty acid (mFA) and Serum over pseudotime. Pseudotime, representing the temporal 
ordering of cells, is displayed on the X axis, with the corresponding cell type annotation from the 
Malaria Cell Atlas using scmap (scmap.annotation) shown above (Reid et al., 2018, Howick et al., 
2019, Kiselev et al., 2018). In both mFA and Serum, expression of cytoadherence associated genes 
peaked in trophozoites. However, in mFA, the expression of these genes began to rise again in a 
similar manner in late schizonts. (B) Average expression of sexual commitment genes (gdv1as 
(black), gdv1 (yellow), ap2-g (blue) and msrp1 (pink)) and the ncRNA PF3D7_1370800 (dark blue) 
over pseudotime. Expression of the ncRNA was low throughout the cycle in mFA. However, 
expression peaked in early schizonts coinciding with the onset of ap2-g expression. Abbreviations: 
mFA, minimal fatty acid. 
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Figure 5-28. surf8.2 is co-expressed with msrp1 in Pf2004 late schizonts. (A) Average 
expression of surf8.2, ap2-g and msrp1 over pseudotime. Pseudotime, representing the temporal 
ordering of cells, is displayed on the X axis, with the corresponding cell type annotation from the 
Malaria Cell Atlas using scmap (scmap.annotation) shown above (Reid et al., 2018, Howick et al., 
2019, Kiselev et al., 2018). surf8.1 (yellow) and msrp1 (pink) exhibited similar expression profiles 
reaching peak expression at the same time in late schizonts. This shared expression pattern was 
observed in both minimal fatty acid (mFA) media and in Serum, although to a lesser extent in 
Serum.  (B) Uniform manifold approximation and projection (UMAP) coloured by the expression, 
and co-expression, of msrp1 (pink) and surf8.2 (blue). Co-expression of msrp1 and surf8.2 was 
observed in late schizonts. Abbreviations: mFA, minimal fatty acid; ET, early trophozoites; LT, 
late trophozoites; ES, early schizonts; LS, late schizonts. 
 
 

 

5.6.4 Investigating DGE Hits in Dd2 

Now that three unique schizont populations, marked by genes associated with 

sexual commitment, cytoadherence and the RhopH complex, have been identified 

in Pf2004, the expression of markers of these populations were investigated in 
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Dd2. Based on UMAPs coloured by the expression of marker genes for these three 

schizont populations, the presence of these populations in Dd2 was not clear 

(Figure 5-29). In contrast to Pf2004, the expression of surface antigen or 

cytoadherence related genes did not differ greatly between media conditions 

(Figure 5-29, 5-30A). For Dd2, the expression of cytoadherence and surface 

antigen related genes did not exhibit a notable second peak in expression levels 

in late schizonts, as observed for Pf2004 (Figure 5-27A, 5-30A).  

 

The average expression levels of the ncRNA, PF3D7_1370800, in relation to sexual 

commitment markers, was investigated in Dd2. While the expression of this ncRNA 

was higher in serum compared to mFA, the average peak expression of 

PF3D7_1370800 in serum conditions was notably lower than that observed in 

Pf2004 (Figure 5-27B, 5-30B). For Pf2004, the peak average expression of this 

ncRNA over pseudotime was 3 times higher than the expression of ap2-g. However, 

in Dd2, the expression of ap2-g in serum surpasses that of PF3D7_1370800 (Figure 

5-30B). In relation to the hypothesis that this ncRNA could be involved in 

repressing sexual commitment, this finding in Dd2 would suggest that other 

mechanisms may regulate sexual commitment.  

 

Overall, the transcriptional response of Dd2 to mFA largely differs to that of 

Pf2004. The relative number of cells expressing sexual commitment markers is 

comparable between mFA and serum. This may explain why fewer differentially 

expressed genes were identified between mFA and serum in Dd2 (Section 5.5). 

When investigating markers of asexual and sexually committed populations 

identified in Pf2004 (Section 5.6.3), Dd2 did not exhibit a population of asexual 

parasites characterised by a second peak in expression of cytoadherence related 

genes. Furthermore, the ncRNA, PF3D7_1370800, identified in asexual populations 

in Pf2004 was not as highly expressed in Dd2.  The differences in expression 

patterns between these two strains might be due to their geographically distant 

origin. Pf2004 originated from a high transmission setting in West Africa whereas 

Dd2 originated from a low transmission setting in Southeast Asia (Elliot, 2007, 

Hommel et al., 2010, Wellems et al., 1990). In a low transmission setting, Dd2 

likely must produce more gametocytes under the same environmental conditions, 

i.e., physiological range of LysoPC which may reflect the differences observed.  
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Figure 5-29. Uniform manifold approximation and projection (UMAPs) of Dd2 cells coloured by 
the expression of genes which represented three schizont populations identified in Pf2004. In 
Dd2, the three transcriptionally distinct populations identified in Pf2004 were not identified. A 
second population of garp expressing cells was not identified in early to late schizonts in minimal 
fatty acid (mFA) as observed in Pf2004 (Figure 5-26). The expression of sexual commitment 
associated genes, such as ap2-g, and components of the RhopH complex/plasmodial surface anion 
channel (PSAC) in Dd2 did not exhibit as much variation between the two media conditions as 
observed for Pf2004. Abbreviations: mFA, minimal fatty acid; PSAC, plasmodial surface anion 
channel. 
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Figure 5-30. Average expression of markers over pseudotime in Dd2. (A) Average expression of 
genes associated with cytoadherence (garp (black), kahrp (yellow), mesa (blue), gbp130 (pink) 
and pf332 (dark blue)) over pseudotime in minimal fatty acid (mFA) and Serum. Pseudotime, 
representing the temporal ordering of cells, is displayed on the X axis, with the corresponding cell 
type annotation from the Malaria Cell Atlas using scmap (scmap.annotation) shown above (Reid et 
al., 2018, Howick et al., 2019, Kiselev et al., 2018). Expression of cytoadherence genes peaked in 
trophozoites for cells in minimal fatty acid (mFA) and Serum. In Dd2, there was a slight rise in the 
expression of these genes in late schizonts. However, this was to a lesser extent than observed in 
Pf2004 (Figure 5-27A). Note that the expression of kahrp is 0 in Dd2 due to a chromosomal deletion 
(Ribacke et al., 2007, Jiang et al., 2008). (B) Average expression of sexual commitment genes 
(gdv1as (black), gdv1 (yellow), ap2-g (blue) and msrp1 (pink)) and the ncRNA PF3D7_1370800 (dark 
blue) over pseudotime. In mFA, the expression of PF3D7_1370800 remained low throughout the 
cycle. In Serum, there was not a clear peak of this ncRNA above sexual commitment markers as 
observed in Pf2004 (Figure 5-27B). Abbreviations: mFA, minimal fatty acid. 
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5.7 Chapter Discussion 

The conversion rate of parasites is known to vary between species in and 

transmission settings (Pollitt et al., 2011). In high transmission settings where 

there is ample opportunity to transmit and greater within-host competition, 

parasites exhibit a low conversion rate favouring asexual replication. The opposite 

is true of parasites in low transmission settings where there are fewer 

opportunities to transmit, favouring sexual commitment and gametocyte 

production (Greischar et al., 2016, Schneider and Reece, 2021). As such, different 

strains exhibit different levels of responsiveness to environmental factors known 

to induce sexual commitment. Conversion rate exhibits adaptive plasticity and is 

responsive to environmental factors such as LysoPC depletion (Brancucci et al., 

2017). Different strains exhibit different levels of responsiveness to LysoPC; for 

example, Dd2 (Southeast Asian) is hypersensitive to LysoPC fluctuations 

(unpublished data from the Marti Lab). To investigate the transcriptional 

programme underlying the different parasite responses to this environmental 

trigger, scRNAseq was performed on Pf2004 (less sensitive to LysoPC fluctuations) 

and Dd2 (hypersensitive to LysoPC fluctuations) allowing the transcriptional 

signatures of asexual and sexually committed schizonts to be determined.  

5.7.1 DGE: mFA vs Serum 

DGE analysis was initially performed to compare the global and stage specific 

transcriptional differences between cells grown in mFA and serum (Section 5.6). 

While this comparison has previously been conducted using bulk RNA sequencing 

and pseudo single cell approaches, the repetition of this comparison serves to 

validate the experimental design here, corroborating findings against those 

obtained through previous analysis (Brancucci et al., 2017, Brancucci et al., 2018). 

Further, this initial analysis may provide insight into the distinct transcriptional 

signatures of sexually committed and asexual schizonts.  

 

In mFA conditions, it was hypothesised that all cells grown in mFA would exhibit 

a shared metabolic response to the LysoPC depleted conditions. Indeed, in mFA, 

an alternative substrate arm of the Kennedy pathway was upregulated as 

evidenced by the increased expression of pmt, sahh and ek. In P. falciparum, 

choline is derived from the environment in the form of LysoPC. This is the 

preferred substrate that drives the biosynthesis of phosphatidylcholine, the most 
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abundant phospholipid in Plasmodium cell membranes. Under reduced LysoPC 

conditions (i.e., in mFA), an alternative substrate arm of the Kennedy pathway 

(Section 1.4.4) is upregulated, where ethanolamine is phosphorylated via 

ethanolamine kinase (EK) to produce phosphoethanolamine (P-Eth). P-Eth then 

enters the Kennedy pathway after transmethylation to phosphocholine (P-Cho) via 

PMT (Pessi et al., 2004, Pessi et al., 2005, Flammersfeld et al., 2018) using s-

adenosylmethionine (SAM) as a methyl group donor. The S-adenosyl-l-

homocysteine (SAH) produced is then recycled by SAH hydrolase (SAHH) (Tanaka 

et al., 2004). oat has been demonstrated to be responsive to fluctuations in SAM 

metabolism. Here, oat is upregulated in mFA in Pf2004 likely due to alterations in 

SAM metabolism due to the use of the alternative arm of the Kennedy pathway 

(van Brummelen et al., 2009, Schneider et al., 2023). In contrast, in LysoPC rich 

conditions (i.e., serum), LysoPC is obtained from the environment and converted 

to choline. Choline is subsequently phosphorylated to P-Cho through the action of 

CK. Cells grown in serum conditions displayed an upregulation of ck compared to 

mFA suggesting that PC is generated through the primary route of the Kennedy 

pathway. These findings validate previous bulk RNA sequencing studies using a 

similar experimental approach (Brancucci et al., 2017, Brancucci et al., 2018). For 

an outline of the Kennedy pathway, see Section 1.4.4. 

 

In addition to genes involved in the alternative substrate arm of the Kennedy 

pathway, well described sexual commitment markers ap2-g and msrp1 and the 

invasion ligand, rh6 was upregulated in mFA for both strains. When performing 

DGE analysis on the population level, rh6 was among the top 25 significantly 

upregulated genes (Table 5-2). At the cluster level, rh6 was the top differentially 

expressed gene (based on fold change) between mFA and serum for late schizonts 

in both strains (Table 5-4). This upregulation is consistent with findings from 

earlier transcriptomic studies on sexual commitment which proposed that there 

could be localised activation, attributed to chromosomal topology, due to the 

proximity of rh6 with msrp1 (Poran et al., 2017, Llorà-Batlle et al., 2020, Szabo 

et al., 2019). It is unknown whether chromosomal topology is consistent between 

strains and species. Alternatively, this may represent a switch in invasion ligands 

in limiting conditions. While an upregulation of rh6 is observed in mFA, other 

invasion related genes such as members of the eba, ebl and msp gene families are 

downregulated (Table 5-4). Merozoite invasion is mediated by specific merozoite 
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surface ligand interactions with the host RBC. The first step in merozoite invasion 

is initial contact which is mediated by low affinity interactions via MSPs, a highly 

polymorphic family  (Beeson et al., 2016).  The next step in invasion is apical 

reorientation. This apical reorientation involves high affinity interactions via EBL 

or RH proteins (Tham et al., 2012, Molina-Franky et al., 2022). The downregulation 

of invasion related genes may be explained, at least in part, by the reduced PMR 

observed in parasites grown in mFA (Figure 5-5). RH6 may play a role in the 

invasion of sexually committed merozoites; however, this is unknown.  

 

Nutrient depletion (i.e., mFA) resulted in reduced expression of genes associated 

with the RhopH complex/PSAC such as clag3.1, clag3.2, clag2, rhoph2 and rhoph3. 

This high molecular weight complex is composed of three subunits, RhopH2, 

RhopH3 and CLAG (sometimes referred to as RhopH1). RhopH2 and RhopH3 are 

encoded by rhoph2 and rhoph3 respectively while CLAG has five distinct isotypes 

encoded by members of the clag multigene family (clag2, clag8, clag9 and the 

paralogues, clag3.1 or clag3.2) (Kaneko et al., 2001, Kaneko et al., 2005). Once 

the complex is produced in a soluble form, it is packaged into the rhoptries for 

merozoite RBC invasion. The RhopH complex will subsequently cross the PV 

membrane to be deposited onto the host cell membrane to form a nutrient 

channel (PSAC) for solute uptake in trophozoites (Figure 5-31) (Schureck et al., 

2021). Therefore, the transcription of components of the RhopH complex occurs 

in the cycle prior to their use. Components of the RhopH complex have previously 

been demonstrated to be downregulated in ap2-g induced vs uninduced cultures 

(Llorà-Batlle et al., 2020). The downregulation of expression of clag3.1, clag2 and 

rhoph3 has previously been demonstrated in a transgenic P. falciparum line where 

ap2-g was conditionally activated. Indeed, in this study, the same three genes 

were consistently among the top 25 genes significantly downregulated in mFA 

conditions for both strains. Llorà-Battle et al., demonstrated that gametocytes 

had reduced PSAC activity explaining their resistance to sorbitol lysis (Saul et al., 

1990, Llorà-Batlle et al., 2020, Bouyer et al., 2020). As such, the downregulation 

of genes that encode components of the RhopH complex may represent a 

preparatory step resulting in reduced permeability in gametocytes.  
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Figure 5-31.The RhopH complex and plasmodial surface anion channel (PSAC). The RhopH 
complex is comprised of three subunits: RhopH2, RhopH3 and CLAG. Once produced, the complex 
is packaged into the rhoptries for invasion of the merozoite. After invasion, the complex forms the 
PSAC which facilitates solute transport. Figure created with BioRender.com based on Schureck et 
al., 2021 (Schureck et al., 2021).  
 

 

 

Among the most differentially expressed genes between the two conditions were 

members of the ETRAMP family, which were predominantly downregulated in 

parasites grown in mFA conditions (except for etramp5). The ETRAMP family of 

proteins was first identified in P. falciparum in 2003 (Spielmann et al., 2003). 

Members of the ETRAMP family were demonstrated to have stage specific 

transcription and to associate with the PV membrane. Due to the location of these 

proteins, it was hypothesised that these proteins function largely in parasite-host 

cell interactions (Spielmann et al., 2006). However, the function of these proteins 

remains largely unknown. In previous studies, etramp5 was demonstrated to be 

upregulated in sexually committed clusters (Dogga et al., 2024). Here, authors 

hypothesised that etramp5, alongside the upregulation of mesa and gbp130 in 

sexual clusters (also observed in this dataset), may play a role in gametocyte 

sequestration. In contrast, etramp11.2 and etramp2 were consistently 

downregulated in mFA conditions in both strains. etramp11.2, in addition to 
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exp1/2, have previously been identified as some of the most highly transcribed 

genes in asexual stages (Le Roch et al., 2003). Few studies have been performed 

on etramp11.2 in P. falciparum; however, in P. vivax, ETRAMP11.2 is recognised 

by P. vivax patient serum and has been demonstrated to elicit high antibody 

responses in mice (Chen et al., 2010, Cheng et al., 2015, Lee et al., 2019, Perrotti 

et al., 2023). Despite this protein being considered as a potential vaccine 

candidate for P. vivax, its function remains elusive. Similarly, few studies have 

investigated the function of etramp2, a ring stage specific ETRAMP in P. 

falciparum. It has been hypothesised that ETRAMP2, among other ETRAMPs, 

function in the early development of intraerythrocytic stages and comprise 

dominant protein components of the PV membrane (Spielmann et al., 2006).  

 

In summary, DGE analysis of parasites grown in mFA compared to parasite grown 

in serum validated previous bulk RNA sequencing studies (Brancucci et al., 2017, 

Brancucci et al., 2018). From this comparison, parasites grown in serum are 

characterised by high expression of components of the RhopH complex and 

invasion ligands of the rh, eba, and ebl gene families. Nutrient depleted conditions 

induce the expression of the invasion ligand rh6, which has previously been 

identified to be upregulated in sexually committed parasites (Poran et al., 2017, 

Llorà-Batlle et al., 2020, Szabo et al., 2019). While there were several DGE genes 

shared between Pf2004 and Dd2, there were far fewer genes differentially 

expressed in Dd2. This is likely, at least in part, related to Dd2 exhibiting 

hypersensitivity to LysoPC fluctuations and consequently triggering the sexual 

commitment pathways in serum.  

 

5.7.2 DGE: ap2-g High vs ap2-g Low Clusters   

The sexual commitment pathway using known sexual markers was investigated in 

both Pf2004 and Dd2 over pseudotime. This revealed a transcriptional cascade 

from the initial transcriptional response to LysoPC depletion in which gdv1as was 

upregulated.  This ultimately resulted in the positive feedback loop of ap2-g and 

its downstream targets (e.g., msrp1) (Section 5.6.1).  

 

To investigate the transcriptional differences between hypothesised schizont 

populations in mFA, the expression of ap2-g was plotted alongside hypothesised 

asexual markers. Here, the aim was to determine distinct clusters which would 
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allow DGE analysis to be performed between sexual and asexual populations. From 

mFA vs serum comparisons, components of the RhopH complex were among top 

hits downregulated in mFA conditions (Section 5.6). Previous studies have 

demonstrated that the activity of the PSAC, which is comprised of components of 

the RhopH complex, is reduced in gametocytes (Llorà-Batlle et al., 2020). Since 

these genes are transcribed in the cycle prior to use, it was hypothesised that 

these genes were likely downregulated in sexually committed schizonts in 

preparation for gametocytogenesis and as such, could be markers of asexual 

schizonts. However, despite the downregulation of these genes observed in mFA, 

the expression of components of the RhopH complex remained high in mFA cells, 

although not as highly expressed as observed in serum. Since genes such as clag3.1 

and rhoph3 were expressed in all cells in mFA and did not form distinct clusters 

from ap2-g or msrp1 high clusters, they were deemed not suitable asexual 

markers.  

 

To identify more suitable asexual markers, genes which had been consistently 

demonstrated to be downregulated in induced populations in at least two studies 

were investigated. These included genes with known functions in asexual stages 

such as mesa, pf332, garp and kahrp (Pelle et al., 2015, Brancucci et al., 2018, 

Llorà-Batlle et al., 2020). In doing so, two distinct cell populations were identified 

in early to late schizonts. Indeed, from initial unsupervised clustering, an inner 

ring of cells was clustered separately which is now known to be enriched for 

surface or cytoadherence related genes (indicated by arrows in Figure 5-11). 

Using these two distinct populations, DGE analysis was performed on ap2-g high 

and ap2-g low populations.    

 

DGE analysis between ap2-g high and ap2-g low clusters revealed a downregulation 

of genes associated with the purine salvage pathway (hgprt and nt1) in sexually 

committed clusters. It is likely that these genes were downregulated due to a 

lower demand for purines in gametocytes, although this is unknown. An 

upregulation of several surface antigen or cytoadherence related genes such as 

garp, mesa, pf332, and kahrp was observed in asexual populations (Figure 1-4, 5-

25, Table A2-1 (Appendix 2)). In serum conditions, these genes were highly 

expressed in early trophozoites in preparation for knob formation before declining 

matching existing bulk RNA sequencing datasets (López-Barragán et al., 2011). 
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These genes remained lowly expressed for the remainder of the life cycle 

However, in mFA, the expression of surface antigen related genes began to rise 

again in early to late schizonts explaining their upregulation in mFA conditions 

observed in Section 5.5. As described in Section 1.2.1, Figure 1-4), these genes 

encode proteins which are involved in knob formation and cytoadherence (Taylor 

et al., 1987, Coppel, 1992, Mattei and Scherf, 1992, Crabb et al., 1997, Kun et 

al., 1999, Hodder et al., 2009, Maier et al., 2008, Maier et al., 2009, Almukadi et 

al., 2019). It is possible that in stress conditions, parasites upregulate these genes 

to increase cytoadherence capacity thereby protecting parasites from clearance. 

Therefore, in LysoPC depleted conditions, two parasite populations emerge. A 

population that invests in ensuring onward transmission through sexual 

commitment, and a population that increases binding capacity to avoid clearance.  

 

From this analysis, a ncRNA located on chromosome 13, PF3D7_1370800, was 

identified which may function in repressing sexual commitment. This ncRNA has 

not been described previously except for in a PhD thesis where it was identified 

to be differentially expressed between ABO blood groups (Amanfo, 2018). Here, 

PF3D7_1370800 was upregulated in blood group A compared to blood group B and 

O. The role of this ncRNA was not investigated further in the scope of this thesis 

(Amanfo, 2018). Since all parasites were grown in O positive blood, this does not 

explain the differential expression observed between sexually committed and 

asexual clusters. When the average expression of PF3D7_1370800 was plotted over 

pseudotime for Pf2004 in mFA, the expression level was low and remained 

relatively stable throughout the intraerythrocytic developmental cycle. However, 

the average expression over pseudotime in serum grown parasites saw a dramatic 

peak in expression coinciding with the increase in expression of ap2-g. The 

expression of ap2-g reduces following the peak in expression of PF3D7_1370800 

(Figure 5-27B). Interestingly, several ncRNAs identified in mFA and serum 

comparisons in schizonts were revealed. Between these ncRNAs regions of 

similarity were identified by BLAST. In some cases, for example PF3D7_137800 and 

PF3D7_1148200, shared 100% identity (Figure 5-19). These regions may represent 

shared functions; however, this remains unknown. Given that PF3D7_1370800 was 

strongly upregulated in asexual clusters, and the observed dramatic increase in 

expression following ap2-g expression in serum, it is possible that this ncRNA has 

a role in repressing sexual commitment. However, based on the data generated in 
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this study, it is not possible to draw any conclusions on the function of this ncRNA 

without further investigation. 

 

Another gene of interest identified when investigating sexually committed 

schizonts was surf8.2. The SURFIN family of proteins was first identified in 2005 

comprising of 10 genes which localise to close to or within sub-telomeres. These 

polymorphic proteins were identified on the surface of both merozoites and iRBCs; 

however, their function remains elusive (Winter et al., 2005). Members of this 

gene family (surf1.2, surf4.1, surf4.2, surf8.1, surf8.2 and surf13.1) have 

previously been identified amongst upregulated genes in sexually committed 

parasites; however, their function in relation to commitment has not been 

investigated (Kafsack et al., 2014, Brancucci et al., 2014, Pelle et al., 2015, Poran 

et al., 2017, Brancucci et al., 2018, Brancucci et al., 2017). In this analysis, surf8.2 

was the second top upregulated gene in sexual clusters compared to asexual 

clusters (cluster 9 vs cluster 6). The expression of surf8.2 coincided with the 

expression of msrp1 in both mFA and serum, reaching a peak in expression levels 

in late schizonts (Figure 5-28A). Indeed, surf8.2 was demonstrated to be co-

expressed with msrp1 (Figure 5-28B). To validate this co-expression, RNAscope 

could be performed with probes designed to detect surf8.2 and msrp1. As such, a 

dual RNAscope experiment on blood clots containing sexually committed schizonts 

(as detailed in Section 2.3.3), could be performed. In earlier studies using ChIP-

seq, SURF8.2 was found to be bound to AP2-G suggesting that it is a direct target 

of AP2-G, similar to MSRP1 (Llorà-Batlle et al., 2020). The function of SURF8.2 

remains unknown, although it is possible that it plays a role in binding interactions 

in the BM of either the sexually committed schizont or gametocyte. To investigate 

this further, the BM blocks from the Malawi cohort could be utilised (Section 2.1). 

Here, antibodies could be designed to target SURF8.2. Through IHC, the spatial 

localisation of SURF8.2 positive cells may yield insights into potential interactions 

in the BM. Additionally, antibodies against AMA1 (schizonts) or Pfs16 

(gametocytes) could indicate at what stages during which these interactions 

occur. 

 

From this analysis in Pf2004, two transcriptionally distinct parasite populations 

were identified in mFA contrasting with a third population of parasites in serum. 

Within mFA, these two populations reflect: i) a sexually committed population, 
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marked by the upregulation of genes associated with sexual commitment, gene 

regulation, and surf8.2, and ii) a population committed to asexual replication, 

enriched in genes associated with cytoadherence and the ncRNA PF3D7-1370800. 

These two populations contrast, in part, with parasites grown in steady state 

conditions (serum), wherein parasites exhibit greater solute transport and invasion 

capacity (upregulation of genes encoding components of the RhopH complex and 

invasion related genes). The expression of the ncRNA PF3D7_1370800, which was 

identified in asexual parasite populations in mFA, was higher in serum.  

 

While the experimental design utilised here allows the exploration of schizont 

populations that may exist in the BM through LysoPC depletion, there are many 

other factors which may influence the transcriptome of parasites within this niche. 

For example, the BM has an enrichment of erythroblasts and reticulocytes which 

are nutrient rich and more metabolically active than mature RBCs used here 

(Srivastava et al., 2015). Further, the experimental design could be improved by 

adding an additional time point after reinvasion collecting asexual or sexual rings. 

This additional time point would provide an endpoint for sexually committed or 

asexual schizonts that could be used to build commitment trajectories. 

Furthermore, this study could be expanded to investigate modification or gene 

regulation mechanisms beyond transcription, for example, post-transcriptional 

modifications. 

 

5.7.3 Commitment in Dd2  

Using markers identified in Pf2004, it was not possible to identify the same distinct 

populations relating to commitment in Dd2. In DGE analysis comparing mFA and 

serum in Dd2, far fewer genes were observed to be significantly differentially 

expressed between the two conditions compared to Pf2004. This suggested that 

Dd2 parasites grown in these two conditions were largely similar likely due to the 

sensitivity of Dd2 to LysoPC fluctuations (Figure 5-5). When comparing the 

average expression of sexual commitment markers over pseudotime between 

Pf2004 and Dd2, there were notable differences. The most notable differences 

were the higher expression levels of gdv1-as, and the lower average expression 

levels of msrp1 in Dd2 compared to Pf2004 in mFA. In serum conditions, the 

average expression of ap2-g was higher in Dd2 than in Pf2004 partly explaining the 

slightly higher background conversion rates. However, the expression pattern of 
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the ncRNA PF3D7_1370800 in serum was markedly different in Dd2 compared to 

Pf2004. In Pf2004, this ncRNA was highly expressed in early schizonts with the 

expression of ap2-g. Following the peak in expression of this ncRNA, msrp1 

expression declined (Figure 5-27B). While the expression of this ncRNA was 

demonstrated to be upregulated in serum conditions in early schizonts, and to a 

lesser degree, late schizonts, PF3D7_1370800 exhibited lower average expression 

levels in serum than ap2-g for Dd2 compared to Pf2004. This suggests that, either 

this ncRNA does not play a role in repressing sexual commitment, or there are 

different or additional factors which regulate sexual commitment in Dd2 

compared to Pf2004. For example, post-transcriptional regulation resulting in 

transcript or protein instability. 

 

Both mesa and gbp130 were among the top upregulated genes in mFA vs serum for 

Dd2 (Figure 5-14, 5-17, Table 5-3, 5-4). Since these were among upregulated 

genes in Pf2004 also, it is possible that the two populations observed in Pf2004 

(sexual commitment enriched and surface antigen/cytoadherence enriched) could 

also exist in Dd2. However, it was not possible to observe these distinct clusters 

with a global view of all cells. Instead, subsetting individual clusters, re-clustering 

and then plotting the expression of marker genes as before might reveal the 

distinct cell populations observed in Pf2004 through the reduction of noise from 

neighbouring clusters.  

 

It is also possible that the difficulties observed in defining sexual and asexual 

populations in Dd2 relates to the geographical setting for which they originated 

from. In low transmission settings where Dd2 originated, Plasmodium spp. invest 

more in sexual conversion due to reduced within-host competition. As such, Dd2 

responses to environmental stimuli may differ between that of the canonical 

Pf2004 strain analysed here. While no studies have investigated the relationship 

between inflammation, LysoPC and ap2-g expression in low transmission settings, 

this relationship was investigated in Kilifi, Kenya, where there are high and low 

transmission seasons. High inflammatory responses were associated with plasma 

LysoPC depletion and increased ap2-g expression in patients from Kilifi. This 

relationship was more pronounced with declining transmission (Abdi et al., 2023). 

As such, parasites from low transmission settings are more adaptive to 

environmental fluctuations to ensure onward transmission. Indeed, the higher 



 

 

252 
background conversion rate, and the higher number of cells expressing ap2-g in 

Dd2, suggests that there is greater investment in sexual conversion in this strain. 

By having a higher background conversion rate hardwired to ensure successful 

transmission, it is likely that there are differences between Dd2 and Pf2004 in 

sexual commitment. Therefore, different strategies to investigate sexual 

commitment in these two strains may need to be employed, such as the cluster 

by cluster approached which was previously suggested. It is also important to note 

that the two strains used here were culture-adapted, and so may have developed 

mutations through in vitro cultures. For example, the chromosomal deletion on 

chromosome 2 resulting in the absence of kahrp in Dd2 (Ribacke et al., 2007, Jiang 

et al., 2008). The precise nature of how sexual commitment is regulated in Dd2 

remains elusive. 

 

5.7.4 Limitations of scRNAseq 

The use of scRNAseq platforms overcomes previous limitations in microarray and 

bulk RNA sequencing. By analysing transcriptional changes at the single cell level, 

rare cell populations, such as sexually committed schizonts, can be investigated. 

However, there are several limitations to these platforms. Droplet based 

approaches, such as Chromium 10X, allow for a high throughput of cells at a 

relatively low cost (Yang et al., 2020). This high throughput allows the detection 

of rare cell types. However, a technical limitation of single cell approaches, is the 

high dropout rate. A dropout event is where a transcript is not detected or 

captured resulting in an excess of cells where a given gene has an expression level 

of zero (Bacher and Kendziorski, 2016, Haque et al., 2017, Wang et al., 2021). In 

a comparative analysis of 10X and Smart-Seq2, 10X displayed a higher dropout 

ratio, particularly for low expressing genes (Wang et al., 2019). In such, there is 

a probability that genes will not be detected, even if they are expressed. Due to 

this dropout rate, it is not appropriate to perform DGE analysis comparing cells 

which are either positive or negative for the expression of a gene of interest. 

Instead, identification of clusters enriched with the expression of a gene(s) of 

interest, and comparing to clusters lacking such enrichment, is a more appropriate 

approach to DGE analysis in scRNAseq. The issue of dropout rate can be, in part, 

addressed by increasing sequencing depth (Haque et al., 2017). Further, 

specialised DGE tests such as MAST, which was used here, are designed for 
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datasets with a significant proportion of zero expression levels (Finak et al., 2015). 

Another technical limitation of scRNAseq is the high level of technical noise. It is 

therefore imperative to perform quality control steps which remove low quality 

cells to limit the noise in the transcriptional dataset (Kolodziejczyk et al., 2015, 

Chen et al., 2019).  However, in this experiment, the number of UMIs was 10X 

higher than in previous studies, with >1000 genes per cell expressed (Table 5-1). 

The quality of this dataset lowers the effect of dropout as described by Haque et 

al. (Haque et al., 2017). 

 

In addition to the strains analysed here, a non-gametocyte producing line could 

be informative. For example, if the non-gametocyte producing line had a deletion 

or mutation in gdv1, this may result in a different response to mFA compared to 

wild type. Importantly, the use of transcriptomics alone only provides one part of 

the story. Many processes in regulation of commitment may occur at the post-

transcriptional level. Further, while genes may be transcribed, these genes may 

not be translated and therefore proteomics to confirm that these genes have a 

role either in the committed schizonts, or in the subsequent cycle, would be 

required.    

 

5.7.5 Chapter Summary   

In Chapter 4, sexually committed schizonts were identified in the BM of severe 

paediatric P. falciparum malaria cases suggesting that commitment can occur 

directly in the BM. This is likely triggered by the environmental factor, LysoPC, 

which has been demonstrated to be depleted in the BM compared to blood in P. 

berghei infected mice (Brancucci et al., 2017). Sexually committed schizonts and 

gametocytes collectively represented 22% of parasites in the BM (Section 4.5, 

4.6); therefore, a population of asexual parasites exist in the BM. I hypothesised 

that sequestered parasites in the BM are transcriptionally distinct from those 

sequestered in other tissues. 

 

Different parasite strains have differing conversion rates and sensitivities to 

environmental perturbations (Pollitt et al., 2011). Dd2, originating from a low 

transmission setting in Southeast Asia, is hypersensitive to fluctuations in LysoPC 

resulting in a greater background conversion rate in steady state conditions 
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compared to Pf2004 (originating from West Africa), which is less sensitive to 

LysoPC (Elliot, 2007, Hommel et al., 2010, Wellems et al., 1990). The 

transcriptional programme underlying different parasite responses to LysoPC 

remains unclear. 

 

To deconvolute the transcriptional signature of sexual commitment in P. 

falciparum schizonts, scRNAseq was utilised comparing two culture-adapted 

strains with different LysoPC sensitivities (Pf2004 and Dd2).  

 

Using this approach, two schizont populations in mFA were identified for Pf2004: 

i) a subset of parasites undergoing sexual commitment characterised by sexual 

commitment markers (e.g., ap2-g and msrp1), markers of gene regulation (e.g. 

set9 and hda1) and the surface antigen surf8.2, ii) asexual schizonts marked by a 

second peak in expression of surface antigen and cytoadherence associated genes 

(e.g., kahrp, mesa, and pf332) in late schizonts, in addition to genes associated 

with purine metabolism (e.g., nt1 and hgprt). These two populations exhibited a 

shared metabolic response to nutrient depletion upregulating genes associated 

with the alternative substrate arm of the Kennedy pathway. In steady state 

conditions, parasites exhibited higher expression of nutrient channel components 

(e.g., rhoph2, rhoph, and clag3.1) and invasion ligands (e.g., eba140 and eba175) 

(Figure 5-32).  

 

Several ncRNAs were identified when comparing the two media conditions. 

Identified ncRNAs on chromosomes 8, 11, and 13, shared regions of similarity 

suggesting shared function. The ncRNA PF3D7_1370800 on chromosome 13 was 

consistently found to be upregulated in asexual clusters, with the highest average 

expression in serum conditions. The onset of expression of this ncRNA coincided 

with that of ap2-g. Once this ncRNA reached peak expression levels, the 

expression levels of ap2-g reduced. The phenotypical relevance of this ncRNA 

remains to be investigated.  

 

While the conversion rate in Pf2004 and Dd2 was not significantly different, the 

expression profile of sexual commitment markers was. There were hundreds of 

differentially expressed genes between media conditions for Pf2004, however, far 

fewer differentially expressed genes were found between these two conditions in 
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Dd2. This suggests that parasites within each condition are similar for Dd2. The 

relative number of cells expressing sexual commitment markers between mFA and 

serum appear to be similar in Dd2. As such, it was difficult to identify sexually 

committed and asexual clusters in this strain. The precise differences between 

these two strains in the transcriptional pathway of sexual commitment requires 

further investigation.   

 

Overall, several markers associated with sexually committed and asexual schizonts 

in mFA and serum have been identified. These genes could play significant roles 

in the survival of these cell populations within the haematopoietic niches of the 

host. Further investigation is warranted to fully elucidate their functions in the 

haematopoietic niches of paediatric severe malaria cases using RNAscope or 

spatial transcriptomic approaches.  

 

 

 

 
Figure 5-32. Summary of the transcriptional signatures of hypothesised schizont populations 
in the bone marrow (BM). The BM represents a unique environment which is depleted in 
lysophosphatidylcholine (LysoPC), an important substrate for phosphatidylcholine (PC) synthesis 
(Figure 1-8). Depletion of LysoPC has been demonstrated to induce sexual commitment in P. 
falciparum. Furthermore, the BM, which has been demonstrated to have a local LysoPC depletion 
and may represent a tissue compartment conducive of sexual commitment (Brancucci et al., 2017, 
Brancucci et al., 2018). To investigate the transcriptional signatures of schizonts which were 
hypothesised to exist in the BM, a single cell RNA sequencing (scRNAseq) experiment was designed 
using minimal fatty acid (mFA) media depleted of LysoPC to induce sexual commitment. Schizonts 
harvested from this media were compared with schizonts grown in steady state Serum conditions 
representing parasites sequestered elsewhere in the body, for example, in the lungs. Two schizont 
populations were identified in mFA conditions: i) a subset of parasites which were sexually 
committed characterised by upregulation of ap2-g and msrp1, in addition to genes associated with 
gene regulation, such as hda1. ii) a population of asexual parasites which were characterised by a 
second late peak of genes associated with cytoadherence such as garp, kahrp, pf332 and mesa. 
These parasites also upregulated genes involved in purine metabolism (e.g., nt1). The two 
populations observed in mFA shared a metabolic response to nutrient depletion marked by 
upregulation of genes associated with the alternative substrate arm of the Kennedy pathway (e.g. 
pmt). In contrast, a third population was identified in Serum, which exhibited higher expression 
of genes of the RhopH complex/plasmodial surface anion channel (PSAC), such as clag3.1 and 
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rhoph3, in addition to upregulation of genes associated with invasion, such as eba175 and eba140. 
In both asexual populations, there was upregulation of an uncharacterised ncRNA, PF3D7_1370800, 
which may play a role in sexual commitment repression. While these three populations were 
identified in Pf2004, it was not possible to identify the same populations in Dd2. Abbreviations: 
mFA, minimal fatty acid; LysoPC, lysophosphatidylcholine; BM, bone marrow. Figure created with 
BioRender.com.      
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Chapter 6 | General Discussion  
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6.1 General Discussion 

Malaria remains a disease of global importance, and a major target of malaria 

elimination efforts is to interrupt transmission (WHO, 2021). To achieve this goal, 

it is important to identify and characterise hidden reservoirs of Plasmodium. 

These reservoirs not only have the potential to contribute to transmission but 

could also contribute to recrudescent infections and the emergence of 

antimalarial resistance. The bone marrow (BM) represents an important reservoir 

of Plasmodium which is enriched in both replicative asexual stages and immature 

gametocytes. It is therefore essential for persistence and transmission (Joice et 

al., 2014, Aguilar et al., 2014, De Niz et al., 2018). The spleen has recently been 

identified to harbour a large hidden biomass of Plasmodium, including possibly 

gametocytes, with evidence to suggest the presence of an ongoing endosplenic 

asexual replication cycle. Characterising these two parasite reservoirs, both 

phenotypically and transcriptionally, in paediatric severe P. falciparum malaria 

patients is of crucial importance, as this group accounts for the highest malaria 

mortality rates.  

 

This thesis presents a comparative analysis of post-mortem tissues collected from 

paediatric severe P. falciparum malaria patients from Blantyre, Malawi. Here, 

parasite distribution, density, and biomass were compared between the spleen, 

BM, lung, and peripheral circulation. It investigates the contribution of the spleen 

towards transmission and sexual commitment in the BM. In parallel, the 

transcriptional signatures of sexually and asexual schizonts within the BM reservoir 

were explored in two parasite strains with different sensitivities to an 

environmental trigger of sexual commitment.   

 

6.2 Model of Splenic Accumulation in Malaria 

In Chapter 3, basic histological techniques were utilised to investigate the 

histopathology of the BM and spleen and to generate preliminary results on the 

parasite distribution in the spleen. In both the spleen and the BM, 

histopathological changes were mild. In malaria cases, the BM had a greater 

presence of macrophages, eosinophils, infected red blood cells (iRBCs), pigment 

and a higher myeloid-to-erythroid (M:E) ratio, all parameters associated with 

malaria and a general response to infection. In the spleen, there were no major 
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differences between malaria cases and non-malarial controls. Overall, there was 

a minimal to mild disruption in the splenic microarchitecture across all cases 

which correlated with parasitaemia. Importantly, this histopathological 

examination of the spleen revealed that the spleen in this cohort was not 

haematopoietically active, did not exhibit a high percentage of immature red 

blood cells (RBCs), or marked congestion of blood. The lack of an enrichment of 

immature RBCs was confirmed by immunohistochemistry (IHC) using the 

reticulocyte marker CD71.  

 

Using Giemsa-stained spleen sections and counting and staging criteria previously 

defined by Kho et al., paediatric severe P. falciparum malaria spleens were 

evaluated for non-phagocytosed parasites (Kho et al., 2021a, Kho et al., 2021b). 

In the spleen, an enrichment of rings/early trophozoites was observed. Asexual 

parasites were predominantly distributed in the splenic cords with parasite 

densities significantly higher in the splenic cords and sinus lumens compared to 

the non-circulatory spaces of the spleen. This splenic distribution matches that 

observed in chronic asymptomatic malaria (Kho et al., 2021a, Kho et al., 2021b). 

Rings and trophozoite stage densities were significantly higher than schizonts and 

gametocytes across all splenic compartments analysed (sinus lumen, cords, 

perifollicular zone, and non-circulatory spaces). In this initial examination of the 

spleen, evidence of an endosplenic life cycle was investigated based on parasite 

stage distribution. For an endosplenic life cycle to exist in P. falciparum, parasite 

stages would be expected to be in proportions consistent with their duration 

across the entire asexual life cycle. For P. falciparum, rings and trophozoites 

combined (0 – 36 hours post invasion (hpi)) constitute ca. 75% of the 

intraerythrocytic life cycle, while schizonts constitute ca. 25%. Across all splenic 

compartments, the mean proportion of schizonts was 8.3%, less than what would 

be expected to be consistent with an endosplenic life cycle.  

 

In Chapter 4, these findings were validated using IHC with antibodies targeting 

specific parasite and host markers. To investigate splenic tropism, the parasite 

distribution, density, and biomass, was compared between the spleen, BM, lung, 

and peripheral circulation. Between Giemsa and IHC, parasite distribution and 

densities were comparable. Parasite distribution in the lung was predominantly in 

small vessels likely due to classical sequestration. This contrasted with the BM and 
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spleen where the parasites were predominantly found in the extravascular spaces. 

When comparing parasite densities between organs and peripheral circulation, the 

spleen exhibited significantly higher parasite densities compared to the BM, lung, 

and peripheral circulation. These parasite densities could be explained by a 

retention of peripherally circulating parasites at a rate of 9.52%. This is consistent 

with previous observations of P. falciparum ring retention rates in ex vivo splenic 

perfusion experiments (Safeukui et al., 2008). Therefore, parasite densities in the 

spleen could be explained by retention of rings/early trophozoites in the slow 

circulation of the spleen. This contrasts with chronic asymptomatic malaria where 

the magnitude of splenic parasite densities could not be explained by retention of 

peripherally circulating parasites alone, even at parasite retention rates >90% 

(Kho et al., 2021a). Importantly, the total parasite biomass was compared 

between the BM, lung, and peripheral circulation to determine if there was a 

significant hidden biomass, and therefore tropism, in the spleen of paediatric 

severe P. falciparum malaria cases. While there were significantly higher parasite 

biomasses in the organs compared to peripheral circulation, there was no 

significant difference in parasite biomass between organs. Therefore, the spleen 

does not harbour a large hidden biomass of P. falciparum in paediatric severe 

malaria patients. Taken together, the low proportion of schizonts, parasite 

densities explainable by ring retention, and the absence of significant differences 

in organ biomass strongly suggest that there is no evidence to support the 

existence of an endosplenic life cycle in paediatric P. falciparum malaria cases.  

 

In chronic asymptomatic P. falciparum malaria, gametocytes constituted 8.3% of 

the total parasites identified in the spleen (Kho et al., 2021a). Therefore, the 

contribution of the spleen towards gametocyte formation and development was 

investigated in relation to the BM which has previously been identified as a major 

site of gametocyte enrichment and development (Joice et al., 2014, Aguilar et 

al., 2014). Using antibodies against gametocytes (Pfs16) and sexually committed 

parasites (MSRP1), very few gametocytes and sexually committed parasites were 

identified in the spleen suggesting that the spleen, at least in paediatric severe 

P. falciparum malaria cases, does not contribute to gametocyte formation and 

development. In contrast, 26% of parasites identified in the BM were gametocytes, 

with 9% identified as sexually committed schizonts. This identification of sexually 

committed schizonts strongly suggests that sexual commitment can occur directly 
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in the BM.  Two models have previously been proposed to explain the enrichment 

of gametocytes in the BM: i) sexually committed merozoites or early gametocytes 

preferentially home to the BM for gametocyte development, or ii) an exogenous 

asexual replication life cycle occurs in the BM, where the unique environment of  

the BM may be conducive of sexual commitment (Nilsson et al., 2015, De Niz et 

al., 2018). The presence of sexually committed schizonts in the BM supports the 

second model of gametocyte enrichment. However, this does not negate the 

existence of the first model as the two are mutually compatible and could exist 

in parallel.  

 

Overall, in contrast to chronic asymptomatic malaria cases in adults, the spleen 

in paediatric severe P. falciparum malaria patients does not host a substantial 

hidden biomass of parasites. Furthermore, there is no evidence to support the 

presence of an endosplenic life cycle in this cohort. Instead, the density of 

parasites in the spleen could be explained by retention of rings in the slow 

circulation of the spleen. Based on these findings in paediatric severe P. 

falciparum malaria, and observations in chronic asymptomatic malaria (P. vivax 

and P. falciparum) in adults, these two cohorts likely represent two extremes. 

Here, I propose a model by which parasite accumulation in the spleen is related 

to disease severity (Figure 4-26). As such, parasite accumulation in the spleen is 

likely driven by parasite factors (e.g., slow growing phenotype) and host factors 

(e.g., tolerogenic environment) associated with disease severity.  

 

6.3 Deconvoluting Transcriptional Signatures of Sexual 

Commitment 

In Chapter 5, the transcriptional signatures associated with asexual and sexual 

commitment following environmental induction was investigated at the single cell 

level. In order to transmit, a subset of blood stage parasites must undergo sexual 

commitment, resulting in the production of gametocytes. The conversion rate, 

which indicates the proportion of gametocytes produced in a given cycle, 

demonstrates adaptive plasticity, responding to environmental factors such as the 

fluctuation in the serum phospholipid lysophosphatidylcholine (LysoPC) (Schneider 

et al., 2018, Brancucci et al., 2017). Different parasite strains exhibit varying 

levels of responsiveness to LysoPC concentration fluctuations; however, the 
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underlying transcriptional programme driving these diverse responses remains 

unclear. Importantly, the physiological levels of LysoPC fluctuates with 

inflammation and between tissue compartments (Abdi et al., 2023, Brancucci et 

al., 2017). Inflammation or inflammatory responses were negatively correlated 

with LysoPC concentrations in the blood, which in turn was associated with 

increased investment in gametocyte production (Abdi et al., 2023). Furthermore, 

LysoPC concentrations have been demonstrated to be reduced in the BM compared 

to the blood in mice, which suggests that parasites within the BM could respond 

to local LysoPC depletions by investing more in sexual commitment and 

gametocyte production (Brancucci et al., 2017).  

 

From Chapter 4, the gametocyte and sexually committed schizont fraction in the 

BM was 22% combined. Therefore, the BM contains both sexually committed and 

asexual schizonts in LysoPC depleted conditions.  To test the hypothesis that 

schizonts sequestered in the extravascular spaces of the BM are transcriptionally 

distinct from those sequestered in other tissues, a single cell RNA sequencing 

(scRNAseq) approach was used. Furthermore, to investigate the transcriptional 

programme underlying different responsiveness of parasite strains to limiting 

conditions (i.e., LysoPC depleted conditions), two P. falciparum strains with 

different sensitivities to LysoPC were used: Pf2004, originating from West Africa 

(high transmission, less sensitive to LysoPC fluctuations) and Dd2, originating from 

Southeast Asia (low transmission, hypersensitive to LysoPC fluctuations). These 

parasites were grown in either LysoPC depleted conditions (minimal fatty acid, 

mFA), or steady state conditions (serum).  

 

Across replicates, the median unique molecular identifier (UMI)/cell (i.e., number 

of transcripts/cell) was up to 10 times higher than what was achieved in the first 

P. falciparum Malaria Cell Atlas. Similarly, the median number of genes expressed 

per cell were up to 5 times higher than this same dataset (Howick et al., 2019). 

After quality control, a total of 43,246 high quality cells were retrieved covering 

the different stages of the intraerythrocytic life cycle (rings through to schizonts). 

These parameters underscore the high quality of the dataset generated.  

 

Using this dataset, published bulk RNA sequencing findings comparing parasites 

grown in mFA and serum were validated by taking a global view of all sequenced 
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cells (Brancucci et al., 2017, Brancucci et al., 2018). Differential gene expression 

(DGE) analysis between parasites grown in mFA and serum revealed an 

upregulation of sexual commitment markers, ap2-g and msrp1, alongside enzymes 

associated with the alternative arm of the Kennedy pathway, such as 

phophoethanolamine methyltransferase (pmt), S-adenosyl-l-homocysteine 

hydrolase (sahh), and ethanolamine kinase (ek) in mFA (Figure 1-8). In contrast, 

components of the RhopH complex and plasmodial anion surface channel (PSAC), 

such as clag3.1, clag3.2, clag2, rhoph2, and rhoph3, were downregulated in mFA 

conditions. These differentially expressed genes were shared between the two 

parasite strains, although there were far fewer differentially expressed genes in 

Dd2 compared to Pf2004.  

 

This analysis was refined by performing DGE analysis on early schizonts and late 

schizonts grown in mFA compared to serum. Many of the same differentially 

expressed genes were identified as before such as ap2-g, msrp1, ek, pmt and sahh. 

Genes associated with surface antigens or cytoadherence were found to be 

significantly upregulated in mFA such as mesa, gbp130, pf332, garp and kahrp 

(Figure 1-4). In late schizonts, the highest upregulated gene in mFA shared 

between the two parasite stains was rh6, which has previously been demonstrated 

to be upregulated in sexually committed parasites (Poran et al., 2017, Llorà-Batlle 

et al., 2020). This upregulation in rh6 has previously been attributed to 

chromosomal topology due to the close proximity of rh6 to msrp1 (Llorà-Batlle et 

al., 2020). However, it may suggest a switch in invasion ligands where members 

of the RH family have been associated with binding to receptors on the RBC surface 

for invasion (Beeson et al., 2016). Indeed, in serum conditions, there was an 

upregulation of invasion related genes such as rh, eba, ebl, and msp gene families. 

By refining this analysis to specific developmental stages, several ncRNAs were 

identified among the top 25 significantly downregulated genes in mFA for both 

Pf2004 and Dd2. The similarities of these ncRNA were investigated using basic 

local alignment search tool (BLAST) revealing regions of similarity between ncRNAs 

found on chromosome 8, 11 and 13. For example, region of the ncRNAs 

PF3D7_1370800 and PF3D7_1148500 had sequence identities of 100%. This suggests 

that these ncRNAs may have a shared function, although the phenotypic relevance 

of these ncRNAs remains unknown.  
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To begin to deconvolute the sexual commitment pathway in Pf2004 and Dd2, the 

expression patterns of known sexual commitment markers (gdv1, gdv1as, ap2-g 

and msrp1) was investigated. In Pf2004, gdv1 is expressed in both mFA and serum 

in early to late trophozoites, although the average expression of gdv1 was lower 

in serum compared to mFA. Limiting conditions triggers the expression of gdv1as 

in early schizonts which results in a decline in the average expression of both gdv1 

and gdv1as. With the rise in expression levels of gdv1as, ap2-g expression 

increases reaching a peak in expression in early to late schizonts. Following the 

peak in ap2-g expression, the expression of msrp1 reaches a peak in late schizonts. 

After the peak in msrp1 expression, the previously described positive feedback 

loop of ap2-g in late schizonts was observed (Figure 5-21) (Kafsack et al., 2014, 

Poran et al., 2017). This contrasts with serum conditions where, following the 

peak expression of gdv1, all sexual commitment markers exhibited low average 

expression throughout blood stages. In Dd2, the relative number of cells 

expressing sexual commitment markers appeared similar between mFA and serum. 

In serum, the average expression of ap2-g was higher in Dd2 compared to Pf2004. 

This higher expression of ap2-g likely reflects the higher background conversion 

rate of Dd2 in serum due to the hypersensitivity of Dd2 to fluctuations in LysoPC 

concentration.  

 

The advantage of scRNAseq is that it allows the transcriptional signature of rare 

cell types to be defined, which would previously be masked by bulk RNA 

sequencing. In this experiment, parasites exhibited conversion rates between 20-

35%. Consequently, sexually committed schizonts represent only a subset of 

parasites in mFA. In Pf2004, where sexually committed schizonts formed distinct 

clusters, DGE analysis could be performed between sexually committed and 

asexual clusters in schizonts. Two major transcriptional differences were 

identified between asexual and sexually committed schizonts in mFA. In asexual 

schizonts, there was induced expression of cytoadherence-linked genes, such as 

kahrp, mesa, garp, and pf332, in addition to their early-stage expression peak. 

Furthermore, the ncRNA PF3D7_1370800, was upregulated in asexual clusters. In 

sexually committed schizonts, genes associated with sexual commitment and gene 

regulation were upregulated. Since cytoadherence markers and sexual 

commitment markers were both upregulated in mFA compared to serum, this 

suggests that these two populations are in response to the nutrient limiting 
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conditions of mFA. In serum conditions, parasites exhibited higher expression 

levels of nutrient channel components (encoding the PSAC), invasion ligands, such 

as eba175 and eba140, and the ncRNA PF3D7_1370800.   

 

The ncRNA PF3D7_1370800 was consistently upregulated in serum conditions, and 

in asexual populations in mFA conditions. Investigation of the timing of this ncRNA 

in relation to sexual commitment markers revealed an interesting pattern. In 

serum, following the peak of ap2-g, PF3D7_1370800 was highly expressed and 

subsequently both ap2-g and msrp1 expression remained low. The specific timing 

of this ncRNA, and its consistent upregulation in asexual populations suggests that 

this ncRNA may have a role in repressing sexual commitment, although this 

remains unknown.  

 
In contrast to Pf2004, it was challenging to deconvolute distinct schizont 

populations in relation to sexual commitment in Dd2. Clusters defined by ap2-g 

expression were not identified in Dd2 meaning DGE between sexually committed 

and asexual clusters could not be performed. Based on the average expression of 

markers identified in Pf2004, the expression of genes associated with surface 

antigens and cytoadherence in mFA did not exhibit a notable second peak as 

observed in Pf2004. Furthermore, PF3D7_1370800 did not exhibit a strong 

expression peak in serum conditions for Dd2 as observed in Pf2004. Therefore, 

there is a difference in response to LysoPC depletion in Dd2 compared to Pf2004, 

the exact nature of which requires further investigation.  

 

Overall, scRNAseq allowed for the first time the identification of three distinct 

schizont populations between mFA and serum: i) an asexual population which 

upregulates cytoadherence associated genes, and the ncRNA PF3D7_1370800, in 

response to LysoPC depletion, ii) a sexually committed population which 

upregulates genes associated with sexual commitment and gene regulation in 

response to LysoPC depletion, iii) and a final population in steady state conditions 

which exhibits higher expression of nutrient channel components, invasion related 

genes, and the ncRNA PF3D7_1370800 (Figure 5-32).  

 



 

 

266 

6.4 Future Directions 

From this thesis, several findings require validation, and numerous questions 

remain unanswered. From Chapter 3, the lack of extramedullary haematopoiesis 

should be confirmed using antibodies against CD71 and CD163. The identification 

of schizonts in the spleen should be confirmed using schizont specific antibodies 

against the apical membrane antigen (AMA1) or KAHRP. Furthermore, since 

Giemsa staining failed in the BM, IHC with AMA1/KAHRP could be additionally 

performed in then BM. This would allow the proportion of schizonts that are 

sexually committed to be determined. In these circumstances, the use of both 

markers might be warranted in the event that schizonts in the spleen and/or the 

BM are knobless (i.e., KAHRP negative). This staining combination would also serve 

to verify that the enrichment of parasites on the periphery of the white pulp (WP), 

beyond the perifollicular zone, are mature stages (as identified by Giemsa). In the 

same location, parasitic “nests” (i.e., clusters of iRBCs and uninfected RBCs 

(uRBCs) enclosed within a membrane) were identified. By IHC, many of these 

parasitic “nests” were labelled by the macrophage marker CD68. However, there 

were cases where CD68 labelling was not evident. Alternatively, these “nests” 

may represent rosettes, where macrophages attempt to phagocytose the entire 

rosette explaining the membrane  (Handunnetti et al., 1989). Antibodies against 

HSP70 and complement receptor 1, which has been implicated as an important 

factor in P. falciparum rosetting, including in field isolates, could determine if 

these clusters are examples of tissue rosettes (Rowe et al., 2000). Currently, there 

is no evidence of rosette formation in in vivo (Lee et al., 2022).  

 

The identification of MSRP1 positive schizonts in the BM provides direct evidence 

of sexual commitment in the BM. This supports a previously proposed model of 

gametocyte enrichment whereby an endogenous asexual replication life cycle 

exists in the BM, with the unique microenvironment of the BM (e.g., local LysoPC 

depletion) being conducive of sexual commitment (Nilsson et al., 2015, De Niz et 

al., 2018, Brancucci et al., 2017). A second model of gametocyte enrichment in 

the BM was proposed in which sexually committed merozoites or early gametocyte 

stages preferentially home to the BM for invasion or gametocyte maturation. In P. 

berghei infected mice, the gametocyte dynamics were monitored using intravital 

microscopy revealing that early gametocytes preferentially home to the BM (De 

Niz et al., 2018). In this thesis, there were very few sexually committed schizonts 
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observed in the spleen. It was therefore concluded that the spleen does not 

contribute to gametocyte formation based on the tissue sections analysed. 

However, whether other tissues contribute to gametocyte formation is unknown. 

Brancucci et al. demonstrated that high parasite densities were associated with 

depletion in LysoPC, likely due to higher turnover of LysoPC by parasites 

(Brancucci et al., 2017). Therefore, a large comparative analysis of MSRP1 

between different tissues with varying levels of vascular sequestration should be 

performed to determine if sexual commitment can occur outside of the BM (Seydel 

et al., 2006, Milner et al., 2015). For example, there may be a higher proportion 

of MSRP1 positive parasites in the brain or gastrointerinal tract which 

sequestration is high (Milner et al., 2015).  

 

A limitation of the analysis of MSRP1 positive parasite density and distribution was 

the limited number of high powered fields (HPFs) analysed. Given that sexually 

committed parasites represent a rare parasite population, increasing the number 

of HPF analysed from 25 per compartment to 100 would increase confidence in 

the distribution observed. Furthermore, it would be interesting to investigate the 

host cell type (reticulocytes vs mature RBC) from which sexually committed 

schizonts and gametocytes reside. Therefore, MSRP1/CD71 and Pfs16/CD71 stains 

should be performed in this cohort. Based on the transcriptional signature of 

sexually committed schizonts observed by scRNAseq, it would also be interesting 

to determine if sexually committed schizonts were knobless and therefore perform 

IHC targeting MSRP1/KAHRP.  

 

The major unanswered question from the scRNAseq analysis pertains to the 

transcriptional signatures of sexually and asexual parasites for Dd2. It is possible 

that noise from neighbouring clusters may have impacted the ability to isolate 

subpopulations of cells which are defined by sexual commitment markers. 

Therefore, utilising a cluster-by-cluster approach with markers identified in 

sexually and asexual schizonts in Pf2004 may aid the identification of these same 

populations in Dd2. Alternatively, since Dd2 has a different sensitivity to LysoPC 

depletion, it is possible that this altered sensitivity alters the sexual 

transcriptional programme of Dd2. Therefore, the transcriptional programme 

underlying the response of Dd2 to LysoPC depletion remains unclear and requires 

further investigation. It is also possible that factor influencing sexual commitment 
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regulation in Dd2 is at the post-transcriptional level. An interesting finding from 

the scRNAseq dataset was the identification of the ncRNA PF3D7_1370800 which 

may be involved in repressing sexual commitment. PF3D7_1370800 is located close 

to the chromosome end and therefore could be influenced by heterochromatin 

spread (Fraschka et al., 2018). To investigate the function of this ncRNA, it would 

be necessary to generate knock-out or knock-down parasite lines. Such parasite 

lines could be subjected to mFA to determine if sexual commitment could be 

induced.  

 

To validate findings from scRNAseq, RNA in situ hybridisation methods such as 

RNAscope, could be used allowing detection of transcripts in tissues. RNAscope 

can be used to detect up to 12 RNA targets in formalin-fixed, paraffin embedded 

(FFPE) tissues (Wang et al., 2012). This can also be coupled with IHC allowing 

simultaneous detection of mRNA and proteins on the same tissue section. Three 

schizont populations were identified in Pf2004 (Figure 5-32). In mFA, two schizont 

populations were identified, one characterised by sexual commitment markers, 

and the other characterised be a second peak in expression of cytoadherence 

related genes. These two populations contrasted with schizonts grown in steady 

state serum conditions, where parasites exhibited higher expression of nutrient 

transport and invasion related genes. To validate these three populations, 

formalin-fixed, paraffin embedded (FFPE) blood clots consisting of either 

schizonts grown in mFA or serum could be made as detailed in Section 2.3.3. 

Probes could be designed against marker genes for each of these populations, for 

example, ap2-g, kahrp, and clag3.1. It was hypothesised that these first two 

populations represent populations present in the extravascular spaces of the BM, 

while the latter represents populations sequestered in other organs through 

vascular sequestration (Figure 5-32). To confirm this hypothesis, the same probes 

used on FFPE blood clots could be applied to tissues from the Malawi cohort. 

Section 3.6.1 discussed the application of RNAscope in BM tissues highlighting the 

need to perform a quality control step using standard control probes in order to 

identify tissues which would be suitable for RNAscope.  

 

RNA in situ hybridisation and IHC is limited in the number of genes or proteins that 

can be analysed simultaneously. However, the field of ‘spatial transcriptomics’ 

overcomes this limitation. Spatial transcriptomics allows the simultaneous 
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visualisation and quantitative analysis of transcriptomes with spatial resolution in 

tissues (Williams et al., 2022, Chen et al., 2023). This technique was first 

introduced and developed by Ståhl et al. and since commercialised by 10X 

Genomics (10X Genomics Visium) (Ståhl et al., 2016). Several other platforms are 

available including the widely used CosMx by NanoString (He et al., 2022). Utilising 

such approaches in the context of this project would allow the transcriptional 

characterisation of schizont populations directly in the tissues and would provide 

additional spatial context which could inform the interpretation of transcriptomic 

data.  

 

6.5 Summary 

In summary, the research presented in this thesis has expanded our understanding 

of the splenic reservoir revealing that the role of the spleen during Plasmodium 

infection is dynamic. As such, the accumulation of parasites in the spleen is likely 

to be driven by several host and parasite factors which are associated with disease 

severity. It has also provided the first in vivo evidence of sexual commitment in 

the human BM. This identification suggests that gametocyte enrichment in the BM 

is, at least in part, attributed to an endogenous asexual replication cycle within 

the BM which supports gametocyte formation. scRNAseq revealed transcriptionally 

distinct schizont populations characterised by the expression of genes associated 

with cytoadherence, sexual commitment, and nutrient transport/invasion. The 

phenotypic relevance of these different schizont populations remains to be 

determined. Finally, an uncharacterised ncRNA, PF3D7_1370800, was identified 

which may function in repressing sexual commitment.  
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Appendices 
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Appendix 1 
 
Table A1-1. Histopathologic bone marrow (BM) scoring criteria. 

 
 

 
 
Table A1-2. Histopathologic spleen scoring criteria.  
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Appendix 2 
 
Table A2-1. Top 25 differentiallly expressed (DGE) genes between ap2-g high and ap2-g low 
clusters (Pf2004). 

Top 25 genes are ordered according to fold change, from highest to lowest. All top 25 genes have 
an adjusted p value < 0.05.   
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