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 Plasmodium falciparum is responsible for the most severe forms of malarial 

disease, including cerebral malaria and severe malarial anemia. In cerebral malaria, 

infected erythrocytes are sequestered in the blood vessels of the brain, leading to 

endothelial activation and inflammation in the brain. Sequestration of infected erythrocytes 

is mediated by parasite variant surface antigens (VSAs) that facilitate cytoadhesion, 

whereby VSAs bind endothelial receptors in the host vasculature. P. falciparum 

erythrocyte membrane protein-1 antigens (PfEMP1s) are the most well-known VSA. 

PfEMP1s are encoded by the var gene family, and there are ~60 var genes per parasite 

genome. Only one PfEMP1 is expressed on the surface of each infected erythrocyte. These 

proteins exhibit extreme genetic diversity, with less than 50 percent shared amino acid 

identity. Clearance of infected erythrocytes is prevented when VSAs such as PfEMP1s 



 

 

bind to host endothelial receptors, including intercellular adhesion molecule-1 (ICAM-1), 

cluster of differentiation 36 (CD36), and endothelial protein C receptor (EPCR). Using a 

custom capture array to enrich for P. falciparum RNA, and RNA from loci encoding VSAs 

in particular, we successfully sequenced and profiled var gene expression from clinical 

infections without the need for extensive processing in the field at the time of collection. 

Capture methods were effective for samples with low parasitemia, and de novo assembly 

of var gene transcripts was validated by comparison to whole genome sequence data. We 

then applied these methods to a case-control study of severe malaria in Mali, West Africa, 

to measure var gene expression associated with severe malaria compared to uncomplicated 

malaria controls. PfEMP1s encoded by de novo-assembled transcripts were classified to 

determine domain subtypes and predict potential binding target in the human host. 

Transcripts encoding EPCR-binding PfEMP1s were not associated with severe cases of 

malaria compared to uncomplicated malaria controls. However, transcripts encoding both 

an EPCR-binding domain and an ICAM-1-binding motif were associated with severe cases 

of malaria in comparison to uncomplicated malaria controls. These “dual-binding” 

PfEMP1s may be a promising target for development of vaccines and treatments for severe 

malarial disease. 
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Chapter 1. Background and significance 
 

Epidemiology of malaria in Africa 

 Malaria is a parasitic disease transmitted by mosquitoes. An estimated 241 million 

cases of malaria occurred in 2020. Most cases of malaria occur in sub-Saharan Africa, 

which accounted for 95% of cases globally in 2020.1 Progress toward eliminating malaria 

has stagnated since 2015, and the Coronavirus Disease 2019 (COVID-19) pandemic has 

further added to the burden by disrupting services that had reduced the incidence in recent 

years.1 

 Several species of Plasmodium cause malaria in humans, but Plasmodium 

falciparum is the most prevalent species in sub-Saharan Africa. More than 95% of malaria 

deaths in 2020 occurred in Africa, mostly due to P. falciparum.1 Severe malaria most 

commonly affects children below five years of age in high malaria transmission settings, 

and two particular syndromes, cerebral malaria and severe malarial anemia, account for the 

majority of global malaria deaths. The pathophysiology of severe malarial disease is not 

completely understood, but malaria parasite variant surface antigens (VSAs) that mediate 

binding to host endothelial receptors likely play a critical role.  

 

Malaria in Mali 

 Mali is a landlocked country in West Africa and the eighth largest country in Africa, 

with a population of approximately 19 million inhabitants. The entire population of Mali 

is at risk for malaria, although the risk varies across its different regions owing to 

differences in climate. Malaria is endemic in the central and southern regions, and epidemic 

in the north, where the climate is desert-like and impacts the viability of the Anopheles 
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vector. More than 90% of the population lives in the central or southern regions. A cross-

sectional survey during the malaria transmission season found that prevalence varies 

depending on the region, with approximately 1% prevalence in urban areas such as Bamako 

to approximately 30% in Sikasso.2  

 An estimated 3% of global malaria cases and 3% of global malaria deaths occurred 

in Mali in 2020, placing it among the top ten countries with the highest number of malaria 

cases and deaths.1 Malaria is the second leading cause of death in Mali, just after neonatal 

disorders.3 The prevalence of malaria in children under the age of five years was estimated 

at 19% in 20182, and the annual incidence of severe malaria in children under six years of 

age has been estimated to be 2.3% in Bandiagara, a rural Malian region with intense 

seasonal transmission.4  

 

Plasmodium falciparum life cycle 

 P. falciparum is transmitted by females of the mosquito genus Anopheles, and the 

resulting illness can cause symptoms such as high fever, shaking chills, and flu-like illness. 

The life cycle of P. falciparum includes stages in both the mosquito and human (Figure 

1.1), although the presence of parasites does not cause illness in the mosquito.5,6 The life 

cycle in the human host begins when an infected mosquito bites a human during a blood 

meal, injecting sporozoites into the skin. These sporozoites travel through the bloodstream 

to the liver, where they mature into a schizont in hepatocytes, or liver cells. After ~7-30 

days, the hepatocytes rupture, releasing merozoites into the bloodstream, which infect 

erythrocytes, or red blood cells. This begins the asexual stage of the parasite life cycle, in 

which the parasite infects and grows inside an erythrocyte. The blood stage in humans 
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marks the start of symptoms in the human host. During the blood stage infection, the 

parasite produces proteins—including variant surface antigens—that insert into the surface 

of infected erythrocyte and mediate adhesion to host cell receptors. At this stage, the 

parasites continue to mature in erythrocytes, developing into a schizont over 48 hours, or 

a small percentage of parasites mature into gametocytes, the sexual stage of the parasite. 

Gametocytes are the male and female forms of the parasite transmitted from the human 

host to the mosquito during a blood meal. If the parasite matures into a schizont, the 

erythrocyte eventually ruptures, once again releasing merozoites, and the blood stage 

begins again. 

 

Figure 1.1 Life cycle of malaria parasites. (Source: Centers for Disease Control and Prevention website. 

https://www.cdc.gov/malaria/images/graphs/life_cycle/Malaria_LifeCycle_1.gif) 
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Severe malaria 

 The term “severe malaria” simply indicates the need for hospitalization of a patient 

with malaria; cerebral malaria (CM) and severe malarial anemia (SMA) are the two most 

common clinical syndromes that comprise severe malaria, but others include metabolic 

acidosis, renal impairment, and hyperparasitemia.7 These two clinical syndromes are 

distinct, and their profiles differ in terms of presentation, age groups affected, and 

transmission setting. There are many factors that are likely involved in the progression to 

severe malaria, and these can include host, parasite, and treatment factors. Severe malaria 

cases are typically caused by P. falciparum, the most prevalent parasite in Mali8; however, 

other Plasmodium species infect humans and can cause severe malaria, namely P. knowlesi 

and P. vivax.7 Severe malaria caused by these two other species is a rare occurrence. 

 The defining characteristic of cerebral malaria is a state of altered consciousness 

due to malarial infection. The Blantyre coma scale (BCS) is a coma scale for children 

ranging from 0-5 in which children are scored on their motor response, verbal response, 

and eye movements. Cerebral malaria typically scores ≤2, indicating an unrousable coma. 

Severe malarial anemia is defined as a hemoglobin level of ≤5 g/dL with parasitemia and 

no other potential causes of anemia. It can develop rapidly in children and become life-

threatening without the presence of other complications.7 Cerebral malaria is more 

common in areas with seasonal transmission9 and affects children with a median age of 

three years.7 In comparison, severe malarial anemia affects children of a lower median age 

(1.8 years),7 and is more common in areas with perennial transmission throughout the 

year.10 Both clinical syndromes are associated with significant mortality, especially if 
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untreated. Estimates for the case fatality rates of cerebral malaria, severe malaria anemia, 

and both cerebral malaria and severe malaria anemia in African children are 19.2%, 13.4-

17.2%, and 18-20%, respectively. Cases of cerebral malaria have the highest estimated 

case-fatality rate, but severe malarial anemia has been estimated to cause more deaths, with 

annual mortality estimates ranging from 194,000-974,000.11  

 Cerebral malaria and severe malarial anemia both have long-term morbidity, with 

some experiencing cognitive impairment even after the infection has been cleared.7,12 Most 

children make a full neurological recovery from cerebral malaria, but neurological sequelae 

and other cognitive and behavioral difficulties or epilepsy are possible.7 It is estimated from 

studies in The Gambia and Malawi that 10-17% of cerebral malaria survivors experience 

neurological sequelae after malarial illness has resolved.11 These sequelae can persist for 

more than 6 months for 4% of survivors.11 Severe malarial anemia is also associated with 

long-term impairments to cognitive abilities in children under the age of five.12 

 

Treatment and prevention 

 Swift treatment of severe malaria is necessary to prevent mortality and other 

potential long-term health issues. Cases of severe malaria require hospitalization, where 

timely and adequate treatment is best managed. Artesunate, a derivate of artemisinin 

administered intravenously or intramuscularly, is the preferred treatment for severe 

malaria, as it has significantly reduced mortality compared to the previous treatment of 

choice, quinine.7,13  

 In 2012, the World Health Organization (WHO) endorsed seasonal malaria 

chemoprevention (SMC),14 which began in Mali the same year. This method of 
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chemoprophylaxis in children under the age of five is safe, effective, and feasible in areas 

with highly seasonal transmission. In 2016, SMC began nationwide and is administered to 

children between three months and five years of age. SMC is a once-a-month treatment 

with the antimalarial sulfadoxine-pyrimethamine plus amodiaquine (SP + AQ) to prevent 

malaria. Per WHO recommendations, once a month treatment courses should be 

administered for a maximum of four months during the transmission season.14 One dose of 

SP is given on the first day along with a dose of AQ, and then AQ is administered daily for 

an additional two days. Dosing is age dependent, with a lesser dose administered to 

children under the age of 12 months. 

 Other methods to prevent malaria in Mali include vector control and the use of 

insecticide-treated bednets. Most households have access to and use bednets. In a survey 

conducted in 2018, nearly three-quarters of people had slept under a bednet the previous 

night.2  

 

Plasmodium falciparum var genes encode PfEMP1 antigens 

 Variant surface antigens facilitate immune evasion through binding host 

endothelial receptors, thereby mediating cytoadherence and sequestration in host 

capillaries. Plasmodium falciparum erythrocyte membrane protein-1 antigens (PfEMP1s), 

which are encoded by var genes, are the most-studied VSA family. PfEMP1s bind to host 

endothelial receptors, allowing the parasite to sequester in the deep vasculature and avoid 

clearance by the immune system.15–17 Constituent extracellular domains of PfEMP1s bind 

to human endothelial receptors such as intercellular adhesion molecule-1 (ICAM-1),18–21 

cluster of differentiation 36 (CD36),22–24 or endothelial protein C receptor (EPCR)17,25; 
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however, many binding targets of PfEMP1s remain unknown. Some PfEMP1s may have 

more than one binding target; PfEMP1s binding both EPCR and ICAM-1 (“dual-

binders”),19,26 or both CD36 and ICAM-1 have been identified.19 

Table 1.1 Location in the genome and direction of transcription of var gene groups in Plasmodium 

falciparum

 

 Each parasite genome contains ~60 var genes that are classified into groups by 

chromosomal location, upstream sequence, and direction of transcription (Table 1.1).27–31 

Group A, B, and B/A var genes are located in the subtelomeric regions, but are transcribed 

in different directions: Group A var genes are transcribed in the direction of the telomere, 

whereas Group B and Group B/A are transcribed in the direction of the centromere. Group 

C and Group B/C var genes are found within the more central regions of particular 

chromosomes.28  

 

 Each PfEMP1 is composed of an extracellular and intracellular portion, encoded by 

exon 1 and exon 2 of the var gene, respectively (Figure 1.2). The intracellular portion is 

relatively conserved, while the extracellular portion is highly polymorphic, with 

considerable variation between var genes within the same genome as well as between var 

Figure 1.2 General structure of a PfEMP1. Each PfEMP1 is composed of both an extracellular region, 
encoded by exon 1, and an intracellular region, encoded by exon 2. PfEMP1: Plasmodium falciparum

membrane protein 1; UPS: upstream promoter sequence; DBL: Duffy binding-like; CIDR: cysteine-rich 

interdomain region. 
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genes in different genomes. The extracellular portion of PfEMP1 antigens is composed of 

different series and combinations of Duffy binding-like (DBL) domains and cysteine-rich 

interdomain regions (CIDRs), with the extracellular region containing two to nine total 

domains. Extensive non-homologous recombination causes high variability in the proteins, 

in both sequence and length, so small segments of the protein sequence called homology 

blocks are used to classify domains. Homology blocks are short sequences of amino acids 

that have sequence similarity defined by multiple sequence alignment and Hidden Markov 

models. Rask et al. used seven P. falciparum genomes to classify homology blocks in 

PfEMP1s and to develop a database called VarDom to classify PfEMP1s using homology 

blocks.32 The VarDom database uses homology blocks at least seven amino acids in length 

up to >200 amino acids in length, with an average of ~19 amino acids. DBL and CIDR 

domains can be categorized into DBL domain classes α, β, γ, δ, ε, and ζ and CIDR domain 

classes α, β, γ, and δ, respectively.32 The average percent amino acid identity is ~30-50% 

within classes of DBL and CIDR domains, indicating that diverse sequences occur even 

within classes of domains.32 However, particular consecutive domain motifs are found to 

recur together in at least three genomes, and these are defined as domain cassettes (DCs). 

This diversity adds to the challenge of sequencing and assembling these genes. 
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Table 1.2 Summary of PfEMP1 expression and associations with severity of malaria in 

children (unless otherwise indicated). PfEMP1: Plasmodium falciparum erythrocyte membrane 
protein-1; DC: domain cassette; DBL: Duffy binding-like; CIDR: cysteine-rich interdomain region.
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Table 1.2 (continued) 
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var gene expression  

 Identifying expressed VSAs such as PfEMP1s on the surface of red blood cells in 

severe malaria infections has proven challenging, and identifying these proteins, especially 

in severe malarial disease, can inform vaccine design and treatment. Each P. falciparum 

genome has a repertoire of ~60 var genes30, and only one is expressed on the surface of 

each infected erythrocyte. Mutually exclusive expression causes only one var gene to be 

expressed at a time within an infected erythrocyte, while the remainder of the var genes 

are transcriptionally silenced.33,34 Var genes are highly diverse, with less than 50 percent 

shared amino acid identity between proteins.35 Targeted amplification, sequencing and 

assembling var genes for identification has not been feasible due to this extreme sequence 

diversity as well as motif repetition. Full var repertoires are known for only a few reference 

genomes and clinical samples.32,36 Highlights from published studies on var gene 

expression and associations found in studies with severe malaria clinical samples are 

summarized in Table 1.1 and below. 

 

var expression: upstream sequence groups and degenerate primers  

 The first approaches for studying var gene expression in clinical infections used 

degenerate primers—primers that have select positions with more than one possible base 

pair. Primers with multiple combinations of base pairs amplify similar sequences that may 

differ by a few base pairs. These studies targeted the DBLα domain—the leading domain 

for most PfEMP1s—and the preceding upstream sequence region. Degenerate primers 

target conserved regions of the domain, but amplify a unique “tag” that is cloned into a 

vector to be transformed and sequenced. The “tag” sequences can then be classified into 
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different groups by determining the number of cysteine residues. Both the DBLα “tag” 

cloning and upstream sequence approach have been applied to studies of severe malaria, 

aiming to identify patterns of var gene expression associated with severe malarial disease. 

 Cases of uncomplicated malaria—malaria not requiring hospitalization—were the 

first clinical samples studied for patterns of var gene expression. The first study of var 

expression in naturally infected children was published in 2004, and examined var 

expression longitudinally in asymptomatic infections in children from Papua New 

Guinea.37 Magnetic bead-anchored reverse transcription polymerase chain reaction was 

used to capture full-length var transcripts, and the RNA was reverse-transcribed to be 

cloned and sequenced. Multiple var genes were found to be transcribed at the same time 

within the same infection, with switches in transcription at short intervals. Some transcripts 

were identified in the same child several times, and the same transcript was identified up 

to 10 weeks later.  

 A study of uncomplicated malaria in Kenyan children examined var gene 

expression using DBLα “tags” and classifying sequences using the number of cysteine 

residues.38 Analyzed sequences included both the genomic parasite DNA and cDNA “tags” 

from 12 children with infections. Within each parasite genome, the relative proportions of 

var groups (Group A, B/A, C, etc.) were similar, but the var gene groups classified by 

cysteine residues were differentially expressed, and the expression of var genes with two 

cysteine residues positively correlated with rosetting. 

 These techniques identified var genes expressed in clinical samples, but also 

provided insight into severe malaria. In a case-control study of severe malaria in children 

from Papua New Guinea, children with clinical malaria (mild and severe) had significantly 
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higher Group B var expression, whereas children with asymptomatic malaria infections 

had a large proportion of Group C var expression.39 Significant upregulation of Group A 

var genes was also observed in infections with rosetting phenotypes. Similarly, in a study 

of Tanzanian children with severe, uncomplicated, and asymptomatic malaria, Group A 

and B var genes were found to be more abundant in severe malaria compared to 

uncomplicated malaria; however, levels of Group C var expression were similar among the 

cases of malaria.40  

 In the first such analysis of var expression in a case-control study of severe malaria 

in Mali, West Africa, DBLα “tags” were cloned and sequenced to study var expression in 

children with cerebral malaria, hyperparasitemia, and uncomplicated malaria.41 Children 

with cerebral malaria had parasites with predominant expression of DBLα1-like domains 

representative of Group A (two cysteine residues) and Group B/A (two cysteine residues) 

var genes. In contrast, children with hyperparasitemia, parasites predominantly expressed 

DBLα0-like domains (four cysteine residues) representative of Group B and C var genes. 

In another case-control study of Ugandan children with severe or mild malaria, the DBL1α 

domain was specifically targeted to study motifs that may be associated with severe 

malaria.42 Similar to the study of uncomplicated malaria in 12 Kenyan children, transcripts 

with two cysteine residues correlated with rosetting. 

 One study used this approach of classification by cysteine residues to examine var 

gene expression in the organs of three cases of fatal pediatric malaria in Blantyre, Malawi.43 

Parasites from the brains of subjects expressed only 1-2 var types despite having 

genetically complex infections. The highest proportions of var genes expressed in the 

brains of these fatal cases were Group 2 var genes, defined by Bull et al. in 200538 and 
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characterized by two cysteine residues in the DBLα “tag”. Two cysteine residues are 

characteristic of Group A or B/A var genes defined by upstream promoter sequences.  

 A more recent study in 2016 expanded on the use of DBLα “tag” degenerate 

primers, sequencing full var transcripts from clinical infections.44 Using the sequence 

information from the DBLα “tag,” a forward primer was designed and used with a reverse 

primer in the more conserved, downstream exon 2. Through a long-range PCR, the entire 

var transcript was sequenced and annotated, and findings indicated that the only 

commonality in these severe malaria transcripts was the CIDRα1 domain, supporting the 

hypothesis of the central role of CIDRα1-EPCR-binding interactions in severe malaria.   

 

var expression with RT-qPCR primers 

 In 2010, Rask et al. published a detailed analysis of the var gene sequences from 

seven P. falciparum genomes, further classifying domains, motifs, and sequences.32 They 

identified distinct PfEMP1 domain cassettes (DC) from their analysis. DCs were defined 

as DBL or CIDR consecutive domain motifs that were found to recur across multiple 

PfEMP1 antigens and at least three genomes. This detailed analysis allowed for the design 

of new primers targeting common motifs to particular classes and subclasses of domains 

for the purpose of using qRT-PCR to quantify specific DBL and CIDR subtypes. Prior 

expression studies focused on the associations between var gene groups and malarial 

disease. While this revealed associations between similar var sequences and disease 

severity, this approach did not identify non-DBLα domains or DCs associated with disease 

states. These new primers were subsequently applied to multiple studies of severe malaria. 
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 The first application of these primers was a study of severe malaria syndromes in 

Tanzanian children, including severe anemia, cerebral malaria, and respiratory distress, 

compared to children with uncomplicated malaria.45 High transcript levels of var genes 

with DC 8 and Group A var genes, including genes with DC13, were associated with severe 

malaria syndromes compared to uncomplicated malaria controls. At the time, the binding 

targets of these severe malaria-associated domain cassettes had not been defined. To 

determine potential binding targets, a panel of human plasma receptors was screened for 

binding targets of DC8 and DC13. The panel identified endothelial protein C receptor 

(EPCR), a receptor found on endothelial cells that mediates protective effects of activated 

protein C, as a binding target of DC8 and DC13 PfEMP1s.17 This finding was particularly 

intriguing because EPCR is involved in anticoagulation and endothelial cytoprotective 

pathways, and could potentially explain vulnerability to severe malaria. A PfEMP1 that 

binds EPCR could block activation of cytoprotective and anti-inflammatory pathways. 

 A 2013 study in Benin found higher levels of var genes encoding DC8 and Group 

A PfEMP1s in children with cerebral malaria compared to uncomplicated malaria.46 This 

study also confirmed such expression at the protein level by performing liquid 

chromatography with tandem mass spectrometry, identifying peptides matching to Group 

A and DC8-containing PfEMP1 antigens. Using the same primers, a comparison of Kenyan 

children who were retinopathy-positive and -negative identified associations between var 

transcription and retinopathy.47 Children with retinopathy had infections with a higher 

proportion of Group A var transcripts, but a lower overall quantity of transcripts. Unlike 

the Beninese study, retinopathy and transcription of var genes with DC13 were not 

associated, and there was a borderline association of DC8 with retinopathy-negative 
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cerebral malaria. This finding suggests that Group A var genes may be associated with 

retinopathy, but also emphasizes the importance of comparator groups.  

 Severe malaria is most commonly found in children under the age of five in sub-

Saharan Africa. However, in malaria-endemic areas outside of Africa such as Southeast 

Asia, severe malaria primarily occurs in adults. Do the same pediatric associations with 

var expression exist in adults with severe malaria? A 2016 study addressed this in adults 

in India with severe malaria. A machine learning analysis with Random Forest decision 

trees identified transcripts encoding var genes with DC6 and DC8 in combination with 

high parasite biomass  as the strongest predictors of patient hospitalization and disease 

severity.48 Interestingly, an in vitro examination found that the binding properties of the 

different CIDRα1 domains associated with severe malaria, but identified differences in 

EPCR binding affinity. 

 Machine learning approaches have also informed studies of var association and 

disease.  In Malawi, brain swelling is associated with cerebral malaria mortality.49 A study 

of cerebral malaria mortality developed machine learning models using neuroimaging, 

transcript profiling, and blood profiles. CIDRα1.1 in DC8 and CIDRα1.7 from Group A 

var genes trended toward higher expression in cerebral malaria with severe swelling, but 

neither was uniquely associated with brain swelling. Notably, no significant difference 

between retinopathy-positive and retinopathy-negative cerebral malaria was identified. A 

meta-analysis of severe malaria in both children and adults from Tanzania, Malawi, and 

India employed machine learning approaches, combining studies that used the same 

quantitative reverse-transcription polymerase chain reaction (qRT-PCR) primers to study 

var gene expression in clinical samples.50 This analysis confirmed previously noted 
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associations of Group A var gene expression with severe disease and that expressed var 

genes encode DC8 in severe malaria in both adults and children. In particular, severe 

malarial anemia exhibited higher expression of DC8-encoding var genes compared to 

cerebral malaria.  

 The most recent study using qRT-PCR to study var expression in severe malaria 

used a revised set of primers designed to be more comprehensive and improve variant 

sequence coverage, preventing under- or overestimation of PfEMP1 characteristics. An 

analysis of var transcription revealed high levels of Group A var genes encoding EPCR-

binding PfEMP1 and var genes encoding DC8 in cases of severe malaria anemia and 

cerebral malaria in Tanzanian children, but also in uncomplicated malaria.51  

 

var gene expression using RNA-Seq 

 The newest approach for analyzing var expression is RNA-Seq for de novo 

assembly of expressed var genes using clinical samples that were leukocyte-depleted in the 

field.52 A reference-based analysis of RNA-Seq data is not as useful for var genes due to 

their extraordinary sequence diversity; however, de novo assembly allows for the 

identification of novel transcripts. A study sequencing RNA from severe malaria samples 

from adults in Indonesia compared to uncomplicated malaria controls found associations 

similar to those previously reported (Table 1), including associations with higher 

expression of Group A var genes,  EPCR-binding domains, and DC4. Data from the entire 

transcript allowed for analyses at the transcript, upstream type, domain, and homology 

block level. This revealed novel associations of severe malaria with DC11 (DBLα1.8-

CIDRβ2-DBLγ7), CIDRα2.6-DBLβ8, DBLε3, DBLγ3, DBLζ4, and DBLε2/9.52 While 
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confirming previously reported associations, this study did not identify expression specific 

to particular severe malaria syndromes, due to the mix of severe malaria syndrome 

considered collectively as “severe malaria” and the relatively small number of samples 

representing each severe malaria syndrome.  

 

Study objectives and design 

 Current and past approaches have studied expression of var genes using primers 

designed with reference genomes as the target, limiting the var genes detected to those 

similar to known sequences.41,44,45,49,51 Even with an expansion of coverage with additional 

var primers, these approaches still only provide sequence information for one constitutive 

domain of the protein or a domain cassette. New methods using RNA-Seq address this 

concern, but thus far have needed leukocyte depletion at the time of sample collection to 

enrich for parasite RNA. Leukocyte depletion is a method that requires significant time, 

equipment, and expertise. Collection of whole blood in the field, preserving RNA at 

collection, and only afterwards enriching for parasite RNA before sequencing provides for 

a more efficient sample collection and preservation procedure.     

 

Figure 1.3 Aim 2 determines Plasmodium falciparum erythrocyte membrane protein-1 (PfEMP1) 

expression specific to cerebral malaria and severe malarial anemia in Malian children. 
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Different syndromes of severe malaria present differently, and likely have different 

mechanisms of pathogenesis. Current approaches may not be able to discern those 

differences due to limited sequence information, or because severe malaria syndromes have 

been combined into one collective group in analyses. 

 The first aim of my dissertation is to validate and evaluate a method for sequencing 

parasite RNA and analyzing var gene transcript data from whole blood clinical samples 

(Aim 1). I then apply these methods to a case-control study of severe malaria syndromes 

in Malian children to determine PfEMP1 transcripts specific to cerebral malaria and to 

severe malarial anemia (Aim 2) (Figure 1.3).  

 

Study design 

 The main source of samples is a 2014-2017 case-control study of severe malaria 

cases and matched uncomplicated malaria controls in Bandiagara, Sikasso, and Bamako, 

Mali. Severe malaria in Bandiagara, Mali, has an annual incidence of 2.3%,4 a rare outcome 

necessitating a case-control design for further study. Such a study design has several 

distinct strengths: (1) controls are matched to several covariates, including age, sex, 

ethnicity, district, and date of presentation; (2) enrollment of two controls for each case 

when possible: one with and one without a history of cerebral malaria; and (3) confirmation 

of the diagnosis of cerebral malaria with signs of malaria retinopathy on ophthalmologic 

exam, the best clinical predictor of cerebral malaria.53  
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Participants and materials 

 Severe cases of malaria were recruited from hospitals and those seeking care, and 

uncomplicated cases of P. falciparum malaria were recruited from those seeking care in 

health clinics. Cases of severe disease included cerebral malaria and/or severe malarial 

anemia matched to controls. Inclusion criteria were ages six months to five years, 

confirmed P. falciparum malarial disease, residence in the vicinity of the study sites 

(Bandiagara, Sikasso, or Bamako), written and informed consent from the parent of 

guardian, and availability to participate for the duration of the study, including follow up. 

For severe malaria, inclusion criteria included a Blantyre come score of ≤2 and/or severe 

malarial anemia (hemoglobin level of ≤5 g/dL). For controls, inclusion criteria include 

uncomplicated malaria with either a confirmed history of severe malaria or a confirmed 

history without severe malaria. The case definition of cerebral malaria included a Blantyre 

Coma Score of ≤2, no other apparent cause of coma, and confirmation of cerebral malaria 

by malarial retinopathy. Controls were uncomplicated malaria patients with a fever of 

>37.5 °C with no other apparent cause of febrile illness and the presence of asexual 

parasites at any density. Exclusion criteria were participation in a concurrent clinical trial, 

use of medications with anti-malaria activity such as trimethoprim-sulfamethoxazole, a 

prior known chronic or immunodeficient condition, or any condition (as determined by the 

principal investigator) with the potential to infringe upon the safety or rights of a participant 

or that would cause the participant to be unable to comply with the protocol. 

 Samples collected that are available for use in the proposed study include whole 

peripheral blood collected in PAXgene Blood RNA tubes to preserve RNA, whole 

peripheral blood samples, and cryopreserved parasites. We have processed a total of 138 
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RNA samples from whole blood thus far. We selected cases with corresponding matched 

controls with adequate data for the case-control analysis in this dissertation. 

 

Measures  

 Demographic information includes parasitemia (parasites/μL), hemoglobin level, 

blood type, BCS, and site. The case-control study sampled cases of severe malaria that met 

clear and specific inclusion criteria, then matched the cases to controls for relevant 

confounding variables such as age, sex, ethnicity, location, and date of presentation.  

   

Innovation and significance 

 Each aim features an innovative approach to challenges that PfEMP1s have 

previously posed to translational research. First, I establish methods to sequence var 

transcripts from whole blood clinical samples. I then sequence and de novo assemble var 

transcripts from clinical samples to compare expression in cases of severe malaria that 

are matched to uncomplicated malaria controls. var genes are difficult to target for 

amplification, sequencing and assembling due to their diverse sequences and long 

sequences. This approach allows for an evaluation and classification of var genes on the 

basis of the entire transcript, not just targeted domains or conserved domain cassettes, as 

has typically been the case in var transcription studies.  

 Identifying PfEMP1s on the surface of red blood cells in severe malaria infections 

has proven challenging given their extraordinary antigenic diversity, but this is crucial to 

vaccine design and treatment for severe malaria syndromes. Sequencing such antigens 

from clinical infections with next-generation technology allows for an unbiased approach 
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to associating host binding targets with specific severe malaria syndromes and has the 

potential to lead to the identification of novel targets as well. 
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Chapter 2. Successful profiling of Plasmodium falciparum var gene 

expression in clinical samples via a custom capture array54  

Copyright © 2021 Stucke et al. This is an open-access article distributed under the terms 

of the Creative Commons Attribution 4.0 International license. 

ABSTRACT 

 var genes encode Plasmodium falciparum erythrocyte membrane protein-1 

(PfEMP1) antigens. These highly diverse antigens are displayed on the surface of infected 

erythrocytes and play a critical role in immune evasion and sequestration of infected 

erythrocytes. Studies of var expression using non-leukocyte-depleted blood are 

challenging because of the predominance of host genetic material and lack of conserved 

var segments. Our goal was to enrich for parasite RNA, allowing de novo assembly of var 

genes and detection of expressed novel variants.  We used two overall approaches: (i) 

enriching for total mRNA in the sequencing library preparations, and (ii) enriching for 

parasite RNA with a custom capture array based on Roche’s SeqCap EZ Enrichment 

System. The capture array was designed with probes based on the whole 3D7 reference 

Fgenome and an additional >4,000 full-length var gene sequences from other P. falciparum 

strains. We tested each method on RNA samples from Malian children with severe or 

uncomplicated malaria infections. All reads mapping to the human genome were removed, 

the remaining reads were assembled de novo into transcripts, and from these, var-like 

transcripts were identified and annotated. The capture array produced the longest 

maximum length and largest numbers of var gene transcripts in each sample, particularly 

in samples with low parasitemia. Identifying the most expressed var gene sequences in 

whole blood clinical samples without the need for extensive processing or generating 



24 
 

sample-specific reference genome data is critical for understanding the role of PfEMP1s in 

malaria pathogenesis.  

 

IMPORTANCE 

 Malaria parasites display antigens on the surface of infected red blood cells in the 

human host that facilitate attachment to blood vessels, contributing to the severity of 

infection. These antigens are highly variable, allowing the parasite to evade the immune 

system. Identifying these expressed antigens is critical to understanding the development 

of severe malarial disease. However, clinical samples contain limited amounts of parasite 

genetic material, a challenge for sequencing efforts further compounded by the extreme 

diversity of the parasite surface antigens. We present a method that enriches for these 

antigen sequences in clinical samples using a custom capture array, requiring minimal 

processing in the field. While our results are focused on the malaria parasite Plasmodium 

falciparum, this approach has broad applicability to other highly diverse antigens from 

other parasites and pathogens such as those that cause giardiasis and leishmaniasis.  

 

BACKGROUND 

 While there has been an overall decrease in the number of malaria cases and deaths 

in the last decade, these numbers have plateaued since 2015.8 More than 90% of malaria 

deaths occur in sub-Saharan Africa,8 primarily the result of the most severe forms of 

malaria caused by Plasmodium falciparum, including cerebral malaria and severe malarial 

anemia. Protection against malaria illness can be acquired over time in endemic regions, 
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likely a repertoire of immune responses to parasite variant surface antigens (VSAs) 

displayed on the surface of infected erythrocytes. Protection from clinical malaria has been 

associated with the presence of antibodies to these particular antigens.55–57 In P. 

falciparum, VSAs are encoded by three main multi-gene families: var, rif, and stevor 

genes. 

 The most widely studied VSAs are the P. falciparum erythrocyte membrane 

protein-1 (PfEMP1) antigens, which are encoded by the var gene family. Approximately 

60 PfEMP1s are encoded by var genes in each P. falciparum genome,30,31 and can be 

classified into different groups (A, B, C, and E) using the upstream promoter sequence.28 

These are highly diverse antigens displayed on the surface of infected erythrocytes, and 

they play a critical role in immune evasion and sequestration. PfEMP1 antigens are 

composed of combinations of domains that include two to eight Duffy binding-like (DBL) 

domains and one to two cysteine-rich interdomain regions (CIDR). Each infected 

erythrocyte displays on its surface only one particular PfEMP1,58 which mediates binding 

to different host cell receptors.59,60 

 Determining PfEMP1s that are specific to different severe malaria syndromes is 

essential for understanding the pathogenesis of severe malaria. Studies in both adults and 

children have associated PfEMP1 subtypes and var groups with severe malaria syndromes, 

with conflicting results that suggest that some similar subtypes are associated with both 

cerebral malaria and severe malarial anemia. Domain cassettes (DC), or consecutive DBL 

and CIDR domains found to recur across multiple PfEMP1s, have been associated with 

severe malarial disease. DC8,45,48,51,61 DC13,45,48 and Group A var genes40,41,44,45,51 have all 

been associated with severe malaria syndromes. These studies have primarily used 
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quantitative reverse transcription PCR (qRT-PCR), targeting usually a domain or domain 

cassette with primers designed against a subset of known sequences, and comparing the 

expression between groups of participants with severe malarial disease and controls with 

uncomplicated malarial disease. Domains or var gene groups with significantly greater 

transcript levels were associated with severe malaria syndromes, but these methods did not 

identify the most highly expressed var gene in an infection. Determining the most 

expressed var gene in an infection, including identification of novel var gene sequences, 

requires an unbiased approach that allows detection of any independent var transcript 

present. 

 Sequencing full-length var genes from clinical samples has proven challenging. 

PfEMP1s often have <50% shared amino acid identity, and the full var repertoires are 

known for a small number of reference genomes and clinical samples.30–32,36,62 The average 

shared amino acid identity is ~30-40% within classes of DBL and CIDR domains,32 

indicating that diverse sequences occur even within classes of domains. This diversity and 

lack of recurring motifs add to the challenge of sequencing these genes. The variable length 

of var genes is another challenge, ranging from ~4,500 to ~12,000 base pairs (bp) and up 

to two orders of magnitude longer than the standard sequencing read of 150 bp. Each P. 

falciparum genome contains multiple copies of var genes—usually ~60—featuring an 

internal repeated motif structure that makes assembly difficult. Studies of var gene 

expression have focused on a degenerate primer approach, capturing only a few domains 

at a time,45,47,48,51,61 which does not enable a comparison of the entire var gene sequence. 

Another challenge in sequencing vars is the relatively small proportion of var transcripts 

compared to host and the total parasite transcriptome, particularly in samples collected as 
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whole blood. Clinical samples collected as whole blood are composed of mostly host 

(human) RNA and DNA, with parasite genetic material composing a smaller proportion. 

A recent study successfully assembled var transcripts de novo from clinical malaria 

samples in Indonesia; however, the methods required leukocyte-depleted blood.52  

 An effective method to identify and sequence highly expressed genes encoding 

variable antigens has the potential to provide insight into immune evasion and the 

pathogenesis of specific clinical syndromes for a range of pathogens, including P. 

falciparum, P. vivax, Giardia, and Leishmania. Here, we attempt to overcome existing 

challenges in generating a comprehensive profile of the expressed var genes and 

determining their relative expression in specific severe malaria phenotypes by applying 

different approaches to enrich parasite RNA in a sample and applying these methods to 

total RNA extracted from whole blood clinical samples. We compared two overall 

approaches: (i) capture of parasite RNA, using a capture array designed from the 3D7 

genome (excluding the rDNA loci) plus >4,000 var gene sequences from other P. 

falciparum strains; and (ii) two methods of depleting undesired RNA types: depletion of 

ribosomal RNA (rRNA) and globin messenger RNA (mRNA), and depletion of rRNA and 

globin mRNA, followed by selection for polyadenylated transcripts.  

 We recently sequenced and assembled full var repertoires from genomic sequence 

data from uncomplicated malaria infections in Malian children.36 As proof of principle, in 

the present study we applied the parasite RNA enrichment methods to 11 RNA samples 

from those same uncomplicated malaria infections, for which genomic data and complete, 

reconstructed var repertoires were available for reference. We evaluated the outcome of 

those methods and our protocol for de novo assembly of expressed var genes using as a 
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reference the genomic var gene repertoires. We then applied our methods to a subset of 

samples from a case-control study of severe malaria, including cases with cerebral malaria 

or severe malarial anemia. We describe parasite RNA enrichment from whole blood 

clinical samples and successful sequencing and assembly of expressed var genes using a 

custom capture approach, which is particularly useful for samples from low parasitemia 

infections. While our results are focused on P. falciparum, this approach has broad 

applicability to other highly diverse antigens from a variety of parasites and pathogens 

such as those that cause giardiasis and leishmaniasis. 

 

RESULTS 

Sequencing data generated from each enrichment method 

 To determine the performance of different methods to enrich P. falciparum mRNA 

from a sample of total RNA before sequencing, we used a total of 12 samples, four from a 

case-control study and eight from a longitudinal study. All four samples from the case-

control study were used to evaluate each method of enrichment: Depletion, Depletion + 

poly(A) selection, and Capture (Table 1, Figure 2.1). All longitudinal study samples (n = 

8) were used for Depletion and Capture, while six were used for Depletion + poly(A) 

selection (no Depletion + poly(A) data for samples UM 2 and UM 5, Table 1). The average 

number of total reads sequenced for the Depletion method was 83.9 million, 72.7 million 

for Depletion + poly(A), and 73.2 million for Capture (Table 1, Supplemental Table 1 and 

Supplemental Figure 1).  Reads mapping to P. falciparum and unmapped reads were more 

variable, averaging 19.7 million reads for Depletion method, 15.8 million reads for 
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Depletion + poly(A), and 72.1 million reads from Capture (Supplemental Table 1 and 

Supplemental Figure 1). 
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Figure 2.1 Overview of pipeline for enrichment of 

parasite RNA, sequencing, and assembly of 

transcripts. P. falciparum mRNA was enriched in all 12 
samples using both globin and rRNA depletion as well 
as capture. Ten samples were subjected to all three 
methods, including globin and rRNA depletion followed 
by poly(A) selection. For the Depletion and Depletion + 
poly(A) method, enrichment took place during library 
preparation, and for Capture, libraries were prepared, 
and then Capture was applied to enrich for parasite 
cDNA. Reads were mapped to a concatenated reference 
of human and P. falciparum. We used reads that mapped 
to P. falciparum and unmapped reads to de novo 
assemble transcripts; open reading frames for the 
transcripts were protein blasted to identify var 
transcripts; and then the protein sequences were 
annotated with the VarDom online database. 
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Table 2.1 Characteristics of samples for enrichment of parasite RNA and the enrichment methods 

applied to each sample 

 

Capture yields consistently greater proportion of reads from parasite transcripts 

 As a preliminary measure of enrichment, we first quantified the number and 

proportion of sequence reads that mapped to the P. falciparum reference genome to 

determine which library preparation most consistently recovers the greatest amount and 

proportion of parasite reads (Figure 2.2A, 2.2D, 2.2G). Reads mapping to the P. falciparum 

genome were identified from all libraries and were a greater proportion of the total reads 

from the Capture libraries, compared with the Depletion libraries. This outcome is to be 

expected, inasmuch as the Capture approach enriches parasite nucleic acids specifically by 

capturing cDNA with sequences similar to the 3D7 genome. However, we also observed a 

more consistent percentage of reads mapping to the P. falciparum genome from samples 

prepared with Capture enrichment, with a mean of 81% (range: 75-90%) (Figure 2.2A). In 
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contrast, for the Depletion and Depletion + poly(A) libraries, we observed a wider range 

of percentages mapping to the P. falciparum genome (<5%-80%), which was positively 

associated with parasitemia levels. For the Depletion libraries, a mean of 23% of reads 

mapped to P. falciparum, with ~1% of reads mapped to P. falciparum in the CM + SMA 

sample with low parasitemia (1,650 parasites/µL), versus around 80% of mapped reads in 

UM 6 and UM 9 with a higher parasitemia ~200,000 parasites/µL (Figure 2.2D). For the 

Depletion + poly(A) libraries, we calculated a mean of 15% of reads mapped to P. 

falciparum, ranging from <1% in the lowest parasitemia sample CM + SMA to ~50% in 

sample UM 9 with ~200,000 parasites/µL (Figure 2.2G).  
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Figure 2.2 Reads mapping to P. falciparum, known var genes, and number and length of assembled var 

gene transcripts. Results were quantified for Capture (orange; first row), Depletion (blue; second row), and 
Depletion + poly(A) (green; third row). Reads mapping to P. falciparum were quantified for the three 
methods (A, D, G); percentage of the random selection of 20 million reads mapping to know var genes were 
quantified for the three methods (B, E, H); and the number and length of unique transcripts were quantified 
for the three methods (C, F, I). Capture retained the greatest percentages of P. falciparum and var reads, and 
more unique var transcripts were assembled from the Capture-prepared samples. Samples are arranged from 
least (left) to greatest parasitemia. CM: cerebral malaria; UM: uncomplicated malaria, UMC: uncomplicated 
malaria control, SMA: severe malarial anemia. 
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Capture produces greater percentages of var reads and assembled var transcripts 

 To determine which preparation produced the greatest proportion of reads mapping 

to var genes, we selected a random sample of 20 million paired reads from each library to 

normalize by dataset size to the smallest dataset sequenced. These read subsets were 

mapped to an index of >4,000 var gene sequences from lab strains, reference genomes, and 

clinical samples (described in Methods) to determine the percentage of reads mapping to 

known var genes (Figure 2.2B, 2.2E, 2.2H). Fewer than 1% of reads mapped to the index 

of known var genes from the Depletion and Depletion + poly(A) libraries, which contrasts 

with Capture libraries in which reads mapping to var genes were identified from every 

sample. Capture produced greater percentages of var reads, which surpassed 1% for three 

samples (CM, UM 6, UM 9) (Figure 2.2B).  Using the 20 million randomly selected reads, 

Capture libraries had a significantly greater median number of reads mapping to known 

var genes than Depletion libraries [Wilcoxon signed-rank test, P<0.001 (Supplemental 

Figure 2)] and Depletion + poly(A) libraries (Wilcoxon signed-rank test P<0.05). The 

Capture approach thus produced more reads, and reads from the total library that were then 

assembled into more transcripts for each sample than the other library preparation methods 

(Figure 2.2C). 

 We compared the use of two different references to identify var transcripts from 

the reconstructed transcriptome, by using (i) as reference var sequences from the 3D7 

reference genome versus (ii) an extended set of known var sequences from several 

reference genomes and clinical isolates included in the design of the capture array. For 

capture, we were able to identify all transcripts with PfEMP1 domains using either 

reference set. For Depletion + poly(A) we identified 95% of transcripts with PfEMP1 
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domains using only the 3D7 reference. While the larger database strategy matched 

sequences with greater amino acid identity, the transcripts with var domains matched to 

3D7 var sequences with sufficiently high amino acid identity to be recognized. 

 To compare the assembly of expressed var genes from each library, we quantified 

the number of de novo assembled var transcripts, and determined their length. We were 

able to assemble transcripts with one or more domains from all libraries prepared with 

Capture (Figure 2.2C); however, for Depletion and Depletion + poly(A) libraries for 

samples with lower parasitemias (<15,000 parasitemia/µL) we assembled very few or no 

transcripts (Figure 2.2F, 2.2I). This included no transcripts for four samples using the 

Depletion library preparation (CM + SMA, UM 5, UMC, and UM 2) and for one sample 

using the Depletion + poly(A) preparation (UM11) (Figure 2.2F). We were able to 

assemble multiple transcripts from sample CM using each of the enrichment methods, but 

the percentage of reads and the number of transcripts was improved with Capture. Overall, 

Capture produced greater percentages of reads mapping to var genes, and more de novo 

assembled var transcripts.  

Enrichment methods yield similar results for most expressed var genes 

 As proof of principle for our assembly and quantification methods, namely to 

confirm that we are reconstructing var genes of the correct length, not chimeras, and that 

reconstructed transcripts can be used to quantify expression, we focused on the longitudinal 

study samples with corresponding genomic data (UM 1, UM 2, UM 3, UM 8, UM 9, UM 

11). To determine which library preparation yields the most reliable relative quantification 

of var gene expression and if expression was similar between the Depletion + poly(A) and 

Capture enrichment methods, we mapped reads to the genomic var sequences from each 
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sample (Figure 2.3). For each uncomplicated malaria sample with a genomic var reference, 

the same var genes were detected in both libraries, but with greater transcripts per million 

(TPMs) in those from Capture. For samples UM 8, UM 11, and UM 9, there was a single 

most expressed var gene identified by both enrichment methods. In sample UM 3 and UM 

1, the top two most expressed var genes were the same but the order of expression 

magnitude differed. For sample UM 6, the most expressed var gene was the same, but the 

order of the second and third most expressed differed between Capture and Depletion + 

poly(A). For the case-control samples with no genomic reference, we compared var gene 

expression by mapping the reads from each library separately to the reference using a 

common de novo var reference assembled with reads from both Capture and Depletion + 

poly(A) libraries (Supplemental Figure 3). We detected the same var genes from both 

libraries, and no var genes detected by Depletion + poly(A) were not detected by Capture, 

indicating that the use of Capture probes did not result in a failure to detect particular 

transcripts.   

 We next determined if we were able to assemble the sequences of the most 

expressed var genes from the RNA-Sequencing (RNA-Seq) data. For each sample, we 

identified sequences from the RNA-seq de novo assembly matching with >99% identity to 

the genomic var sequences (Figure 2.3, inset). Predominantly expressed var genes were 

similar in length to the genomic sequences (Figure 2.3, dotted black lines on insets), and 

most commonly assembled with Capture. However, we were not able to assemble 

sequences matching the most expressed var genes from two samples—UM 11 and UM 1—

with the Depletion + poly(A) method. Depletion + poly(A) worked particularly well for 
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sample UM 9, and while we identified matching sequences with Capture, the sequences 

were not the same length as the genomic sequence.  

 

Figure 2.3 Comparison of expression and assembly results from Capture and Depletion + poly(A) 

mapping to genomic sequences. Each scatter plot compares transcripts per million (TPMs) in Depletion + 
poly(A) on the x-axis to Capture on the y-axis by mapping the reads from each library to the genomic 
reference. The bar graph in the inset of each panel shows the length of the most expressed transcripts de novo 
assembled from the RNA-Seq data (Capture: darker shade; Depletion + poly(A): lighter shade) and the length 
of the corresponding genomic sequence (dotted black line). For each uncomplicated malaria sample, the same 
var genes were identified in both libraries, but Capture yielded greater transcripts per million (scatter plots). 
Predominantly expressed var genes de novo assembled from RNA-Seq data were similar in length (bar 
graphs) to the genome reference var genes (dotted black line), with de novo assembled sequences from 
capture typically longer than those from Depletion + poly(A). Panel A (UM 8, UM 3, and UM 6) includes 
monoclonal (one infecting parasite clone) samples, and panel B includes polyclonal (more than one infecting 
parasite clone) samples (UM 11, UM 9, UM 1). Samples are arranged from least to greatest parasitemia 
within each row, from left to right. The color of the dots in the scatter plot (red, blue, or green) correspond 
to the same transcript (T1, T2, or T3) shown assembled in the inset bar graph. UM: uncomplicated malaria; 
T1: transcript one; T2: transcript two; T3: transcript three. 
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Most expressed var genes were similar whether using genomic or de novo assembled 

sequences as reference  

 Unlike the present study, most var transcription studies using field samples lack 

reference whole genome sequences, and quantification of expression will need to be done 

using de novo assembled transcripts as reference. To determine the reliability of this 

approach, we identified the most expressed var genes from mapping the RNA-Seq reads 

to both the genomic reference as well as to the var transcripts assembled de novo from the 

RNA-Seq data. Using data generated from Capture, we found that 5/8 samples had the 

same most expressed var gene with mapping to either the genomic or de novo transcripts 

(UM 3, UM 5, UM 8, UM 9, UM 11; Supplemental Figure 4). In an additional two samples, 

the same var genes were the top two most expressed; however, the order of expression 

varied for each reference (UM 1, UM 6; Supplemental Figure 4).  

 

DISCUSSION  

 To understand the impact of PfEMP1 in malaria pathogenesis, it is essential to 

determine which var genes are expressed in an infection, and which transcript(s) are the 

most abundant. Sequencing expressed var genes from clinical samples has proven difficult 

owing to the diversity and motif repetition of the gene family. Achieving those goals with 

a single conserved set of primers to amplify all var genes has not been possible because of 

the extreme variation, and the large numbers of var genes per genome. Another difficulty 

in identifying var transcripts from clinical samples is obtaining adequate parasite RNA for 

sequencing as almost all RNA in these specimens belongs to the human host. These 

obstacles pose significant challenges to understanding expression of var genes in clinical 
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samples. Therefore, the goal of this work was to determine the viability of mRNA and 

parasite RNA enrichment methods to recover this information.  

 One approach, enriching for mRNA during library preparation [Depletion and 

Depletion + poly(A)], was intended to enrich for parasite mRNA in the sample by 

eliminating the two most abundant transcripts in blood samples, namely, rRNA, which 

altogether constitutes over ~90% of all host RNA, and globin RNA, the next most abundant 

transcript in human blood.63 The potential pitfall of this method is that it also enriches for 

human mRNA. An alternative approach available to us was to enrich specifically for all 

parasite RNA using capture probes based on the 3D7 reference genome supplemented with 

additional sequences of the variant surface antigens PfEMP1s, RIFINs, and STEVORs. 

Potential pitfalls of the capture approach were that our probe set included probes for the 

entire genome sequence (albeit enriched for variant surface antigens), and that var 

transcript detection depended on hybridization to the (potentially quite different) reference 

var sequences used in probe design. To evaluate our assembly methods and the Capture 

approach, we used two sets of samples. One set was used for proof of principle, since the 

corresponding genome assembly was available and allowed us to determine the accuracy 

of the reconstructed var transcripts, as well as to determine if their relative abundance 

matches would be expected from mapping the reads to the genome. With the second set of 

samples, we aimed to determine the feasibility of this overall study to samples from a case-

control study for which no reference genome data was available. The proof of principle 

approach showed that the var transcripts were reconstructed accurately from the RNA-Seq 

reads obtained. This is supported by a study that reconstructed genomic var gene sequences 

from whole genome sequencing data for >2000 samples.31 In addition, the proof of 
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principle samples showed that the Capture approach resulted in an increased proportion of 

var reads relative to the Depletion methods and that the reconstructed transcriptome can 

serve as a reference to identify the most abundantly transcribed var. The application of 

these approaches to the case-control study suggests that, at least with this limited number 

of samples, the Capture-based method did not result in missed var transcripts, since the 

Depletion methods did not reveal novel vars that were not also identified with Capture. 

 Using the SeqCap Enrichment System with custom capture probes, we were able 

to sequence mostly P. falciparum RNA and retain a greater proportion of var-like reads 

compared with depletion of globin mRNA and rRNA transcripts or with depletion of globin 

mRNA and rRNA transcripts followed by selection of polyadenylated transcripts. In 

addition, this method produced more unique transcripts, including transcripts from low 

parasitemia samples that were not recovered either with depletion of globin mRNA and 

rRNA transcripts or with depletion of globin mRNA and rRNA transcripts followed by 

selection of polyadenylated transcripts. Interestingly, in the case-control samples, we 

observed greater percentages of reads mapping to var genes in the severe malaria samples 

from Capture compared with the other enrichment methods, even for samples with lower 

parasitemia. This could indicate that parasites from severe malaria infections are producing 

more var transcripts than those from uncomplicated malaria infections.  

 Assembly and reconstruction of var genes from clinical samples has been 

successful using genomic sequencing data,30,31,36 and one recent study has successfully 

assembled var genes from RNA-Sequencing of clinical samples.52 A published study 

presented var gene repertoires assembled from >2,000 clinical isolates from 12 countries,31 

de novo assembling var genes from Illumina sequence data from reads mapping to the 3D7 
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reference genome. The completeness of each var complement was assessed by quantifying 

a conserved motif in the first domain of most var genes, DBLα, and by limiting the 

quantified var genes to those >3 kb. The de novo assemblies of var genes were confirmed 

by comparison to whole-genome assemblies of 15 field isolates with PacBio sequencing.30 

While PacBio sequencing has the advantage of longer reads that will sequence through the 

entire length of a variant surface antigen, this technology requires a large amount of genetic 

material that is usually generated from short-term parasite cultures. One study thus far has 

assembled var genes to quantify var gene expression in clinical samples using Illumina 

sequencing data. Similar to our approach, a severe and uncomplicated malaria study of 

Indonesian samples used de novo assembly methods to assemble var gene transcripts from 

RNA-Sequencing data.52 However, this method for RNA-Sequencing was limited to 

leukocyte-depleted blood, which requires a time-consuming process that must be 

conducted in the field at sample collection. In contrast, we employ a Capture method that 

can be applied on a large scale study without extensive sample processing in the field to 

understand how var expression, defined in terms of transcripts with multiple domains, is 

associated with severe malaria. Furthermore, we were able to evaluate and validate our 

assembly methods by comparison with whole genome sequencing data generated from 

samples collected at the same time.  

 Our study did have some limitations. We only included a small subset of samples 

from a case-control study of severe malaria and thus cannot draw any definitive 

conclusions about the nature of transcription in severe malaria samples. We were also 

limited in testing different enrichment methods on all included samples by the amount of 

RNA that we were able to isolate. The amount of RNA was sufficient to employ all three 
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of our enrichment methods on the subset of case-control samples. However, we only had 

adequate RNA to test two enrichment methods on six samples of the 11 uncomplicated 

malaria samples from the longitudinal study, and only one method for the remaining five. 

 The Capture method may also have some limitations. It is possible that enrichment 

with Capture may produce some bias towards the expression of particular vars, but we did 

not find evidence of this when comparing between expression methods. Expression using 

different methods for the same sample was generally in agreement in terms of the most 

expressed var sequences. We did not find any var genes highly expressed in the Depletion 

+ poly(A) preparation that were not observed with Capture. The broad concordance 

between the two methods indicates that we are able to identity the most expressed var gene. 

However, the rank order of var expression varied in the situation when expression level of 

particular vars was close in magnitude. The results from Capture would benefit from 

confirmation with other methods to study expression such as qRT-PCR to confirm the most 

expressed var gene. Finally, capture approaches can be expensive relative to leukocyte 

depletion, representing a tradeoff between cost and sample processing time in the field. 

Capture, costing an additional ~$1,000 per sample, produced on average 3-4 times more 

reads mapping to P. falciparum compared with Depletion and Depletion + poly(A) at an 

additional $125 per sample. To generate the same number of P. falciparum reads, the 

libraries from samples prepared using Depletion or Depletion + poly(A) would have to be 

sequenced 3-4 times more and thereby tripling or quadrupling the sequencing cost of these 

enrichment methods, an increase of several hundreds of dollars.  In addition, the cost of 

Capture for these results was estimated based on a singleplex reaction (single capture per 

reaction), and multiplexing 3-4 samples in the Capture reaction could reduce cost by an 
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added ~$250-300 per sample. While we have established the feasibility of multiplexing 

genome samples, we are now assessing whether multiplexing RNA samples significantly 

impacts the dynamic range of transcript abundance estimation.  

 Enrichment of parasite RNA from whole blood clinical samples via Capture 

allowed the successful application of a de novo transcript assembly approach for the 

discovery of novel var transcripts, ideal for a diverse gene family. We identified a method 

to enrich for parasite RNA using Roche’s SeqCap EZ Enrichment System with custom 

capture probes (Capture) to sequence constitutive domains of the expressed var genes. This 

efficient method does not require leukocyte depletion at collection. This comprehensive 

probe set targets the whole parasite genome, hence enabling a multitude of applications. 

However, given the success of this approach, studies that focus exclusively on var gene 

expression could contemplate using a probe set that targets only var genes. This method 

produces a wealth of information from the sequence data of the expressed var genes from 

clinical samples, making possible an analysis of var gene expression at multiple levels, 

including transcript, constitutive domains, domain cassettes, and motifs. Generating this 

data on a large scale from an observational study without the need to generate whole 

genome sequence data facilitates understanding the role of PfEMP1s in malaria 

pathogenesis. There are aspects of PfEMP1 biology that have not been addressed due to 

feasibility. Before we can make biological inferences, we must conduct studies on a larger 

scale that also would allow for the detection of novel variants. This requires an investment 

in methods that allows for the collection of samples from a large scale study that can be 

subjected to RNA-Sequencing. Additional applications beyond var genes in P. falciparum 

include antigen families in other malaria parasite species such as vir genes in P. vivax, as 
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well as highly diverse antigens in other parasites such as those that cause giardiasis and 

leishmaniasis. 

 

MATERIALS AND METHODS 

Sample collection 

 A total of 2.5 mL of whole blood was obtained from subjects in a case-control study 

of severe malaria in children in Mali, West Africa, including three children with severe 

malaria and one uncomplicated malaria control (UMC).  The three severe malaria cases 

included one case of cerebral malaria (CM), one case of severe malarial anemia (SMA), 

and one case of both cerebral malaria and severe malarial anemia (CM + SMA). Cerebral 

malaria was defined using the following criteria: Blantyre Coma Score of ≤2, no other 

apparent cause of coma, and confirmation of cerebral malaria by malarial retinopathy, an 

indicator of infected erythrocytes sequestered in the microvasculature of the brain.53 Severe 

malarial anemia was defined as malarial illness with a hemoglobin level of ≤5 g/dL. A total 

of 2.5 mL of whole blood was also collected from 11 uncomplicated, symptomatic malaria 

(UM 1-3, 5-6, 8-9, 11, Table 1) episodes as part of an longitudinal study of malaria 

incidence at a vaccine testing site in Bandiagara, Mali.64 For these same 11 samples, both 

Illumina and Pacific Biosciences (PacBio) whole genome sequence data were used to 

reconstruct var gene repertoires for each sample.36  

 All subjects or their guardians provided informed consent to participate in the 

studies, and the study was performed in accordance with the Declaration of Helsinki. The 

Institutional Review Board of the Faculty of Medicine, Pharmacy and Dentistry, Bamako, 
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Mali, approved the study protocol and consent form and the University of Maryland 

Institutional Review Board approved the study protocol. 

 Whole venous blood was preserved in PreAnalytiX PAXgene Blood RNA tubes 

(Qiagen/BD), which were inverted ten times, stored at room temperature for 2-72 hours, 

and then frozen for storage at -80°C according to the manufacturer’s instructions. RNA 

was extracted with the PreAnalytiX PAXgene Blood RNA Kit according to the 

manufacturer’s instructions after thawing the tubes and bringing the tubes to room 

temperature before extraction. Before processing the RNA for sequencing, samples were 

evaluated for quality with an Agilent Bioanalyzer to determine the RNA integrity number 

(RIN), a ratio of the 28S to 18S ribosomal RNA, which is an indicator of the sample quality. 

Enrichment methods 

 Our first approach was to enrich for parasite RNA with Roche’s SeqCap EZ 

Enrichment System (“Capture”). Biotinylated probes were designed in conjunction with 

Roche by providing sequences consisting of the 3D7 P. falciparum genome (PlasmoDB 

v24) with ribosomal RNA-encoding genes removed, as well as 2,885 rif and stevor 

sequences extracted from clinical isolates, and 4,695 var sequences from additional lab 

strains (DD2, RAJ116, IGH-CR14, 7G8, NF135, NF166)28,32,62 and clinical isolates from 

West Africa, East Africa, and Southeast Asia. Probes with length between 50-150 bp were 

designed by Roche, using a proprietary algorithm. Probes bound to SeqCap EZ capture 

beads were then hybridized in solution with the RNA-seq library, resulting in enrichment 

of parasite RNA-Sequences. Unbound sequences were washed away, the remaining cDNA 

was amplified, and then sequenced using an Illumina HiSeq 4000 platform. 
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 Two methods were used for the second approach of enriching for messenger RNA 

(mRNA): depletion of human globin mRNA and depletion of host and parasite ribosomal 

RNA (rRNA) (which we refer to, hereafter, as “Depletion”) [Globin-Zero Gold Kit, 

Illumina] and globin mRNA and rRNA depletion followed by poly(A) selection (hereafter 

“Depletion + poly(A)”) [Ribo-Zero Gold rRNA Removal Kit (Epidemiology), Illumina 

and NEBNext® Poly(A) mRNA Magnetic Isolation Module, New England BioLabs].  

 Globin mRNA and rRNA were removed with probes that hybridize to rRNA and 

globin mRNA, leaving messenger RNA and regulatory RNAs, which are included in the 

RNA prep. After enrichment using globin and rRNA depletion, cDNA was generated and 

libraries with an insert size of 300-500 bp were prepared for sequencing with TruSeq 

Stranded mRNA Library Prep Kit (Illumina) and then sequenced using the Illumina HiSeq 

4000. 

RNA-Seq pipeline 

 After sequencing, raw data were evaluated for quality by examining the FastQC 

files, and sequence reads were trimmed if necessary. Using the Eukaryotic RNA-Seq 

pipeline at the Institute for Genome Sciences at the University of Maryland School of 

Medicine, the reads were mapped to a concatenated reference composed of the reference 

genomes for human (GRCh37) and P. falciparum (PlasmoDB v24) using HISAT2 

(v2.0.4).65 At this step, we determined the percentage of reads mapping to either the human 

genome or the P. falciparum genome. Using the BAM files converted from SAM files, the 

files were sorted using SAMtools (v0.1.19),66 and then seqtk (v1.0) 

(https://github.com/lh3/seqtk) was used to subset unmapped reads and reads mapping to P. 

falciparum from the fastq file.   
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 To estimate the number of reads mapping to var genes, we constructed an index of 

4,695 available var gene sequences. From each library, we used seqtk (v1.0) to select a 

random sample of 20 million paired reads from each library to normalize to the smallest 

library size, and mapped the sample of reads to the known var genes to determine the 

overall alignment rate to known var genes. Using a random selection of reads allowed us 

to compare reads from each library without bias from larger libraries that may have more 

var reads just because more of the sample was sequenced. We used the Wilcoxon signed-

rank test to compare the absolute number of randomly selected reads mapping from paired 

samples. 

De novo assembly 

 Any reads mapping to only the human genome were removed, and the remaining 

reads (unmapped reads and reads mapping to P. falciparum) were then de novo assembled 

into transcripts using rnaSPAdes with default parameters (v3.10.1).67,68 Redundant 

transcripts were clustered and condensed using CD-HIT (v4.6) and the default sequence 

identity parameter of 90%.69 The sequence of the longest open reading frame (ORF) from 

each assembled transcript and their translation were obtained using EMBOSS’s getorf 

utility (EMBOSS v6.6.0.0), with minimum ORF size set at 500 nucleotides. The resulting 

peptide sequences were searched using blastP (BLAST 2.2.26+) against all ~4,700 

PfEMP1 amino acid sequences from reference genomes and clinical isolates included in 

the design of the capture array. The protein blast was repeated against a database of only 

var sequences from the 3D7 reference genome for comparison. Any transcript matching a 

PfEMP1 amino acid sequence was evaluated for the presence of var domains using the 

VarDom database.32 Sequences for which var domains could be annotated with the 
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VarDom database were considered var transcripts. The number and length of these 

transcripts were then evaluated for each sample, from each enrichment method. 

Comparing de novo assembled var genes to genome assembly sequences 

 Full var repertoires are known for a few reference genomes and clinical 

samples.30,32 Recently, we sequenced and assembled var genes from 12 uncomplicated 

malaria infections in Malian children with a novel algorithm, providing full genomic var 

repertoires for these clinical infections from a longitudinal study of malaria incidence.36 

Samples for RNA extraction were collected and preserved at the same time as those from 

which DNA was obtained to generate the whole genome sequence data and full var 

repertoires. As a proof of principle, we compared the de novo assembled transcripts 

identified as var genes with the var sequences from the genomic data, which were 

reconstructed using both PacBio and Illumina reads. Assembled transcripts were compared 

with the genomic sequences for both coverage (length) and nucleotide sequence identity. 

Quantification of var expression 

 To compare expression levels estimated from different enrichment methods, and to 

determine whether we would identify similar predominantly expressed var genes, we used 

the genomic var repertoires reconstructed from the genomic data as a reference. An index 

was created for each sample using the genomic var sequences. Using HISAT2, we mapped 

the reads from each library preparation method using the same index,65 and then 

determined gene counts with htseq-count.70 Gene counts were converted to transcripts per 

million (TPMs) to normalize for gene length and library size. TPMs were used to create 

scatter plots comparing the TPMs from Depletion + poly(A) to Capture. To compare 

expression in the case-control samples with no corresponding genomic reference, for each 
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sample, we generated a reference by de novo assembling transcripts using fastq files of 

combined reads from the Capture and Depletion + poly(A) libraries. 
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ABBREVIATIONS 

PfEMP1: Plasmodium falciparum erythrocyte membrane protein-1 

VSA: variant surface antigen 

DBL: Duffy binding-like 

CIDR: cysteine-rich interdomain region 

bp: base pair 

TPM: transcripts per million 

DC: domain cassette 

PacBio: Pacific Biosciences 

Capture: Roche SeqCap EZ Enrichment System 

Depletion + Poly(A): globin and rRNA depletion and polyadenylated transcript selection 
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Chapter 3. RNA sequencing and de novo assembly indicates expression 

of dual-binding PfEMP1s in Malian children with severe malaria  

ABSTRACT 

 Severe malaria disproportionately affects children under the age of five in sub-

Saharan Africa. Plasmodium falciparum is the cause of most severe malaria in children, 

and this parasite species has the unique ability to sequester in the host by attaching to cells 

in the endothelium. Cytoadhesion is mediated by parasite variant surface antigens 

including Plasmodium falciparum erythrocyte membrane protein-1 (PfEMP1) antigens 

that are displayed on the surface of the infected erythrocyte. Using RNA sequencing, we 

de novo assembled var transcripts encoding PfEMP1s from a matched case-control study 

of severe malaria and uncomplicated malaria controls with or without a history of severe 

malaria in Malian children. We classified expressed PfEMP1s, including identifying 

domain subtypes to predict binding targets in the host such as endothelial protein C receptor 

(EPCR) and intercellular adhesion molecule-1 (ICAM-1). We did not find increased 

expression of EPCR-binding PfEMP1s in cases of severe malaria compared to 

uncomplicated malaria controls. However, we did find that PfEMP1s containing both an 

EPCR-binding domain and an ICAM-1-binding motif were significantly more expressed 

in cases of severe malaria compared to controls without a history of severe malaria (p = 

0.014). These “dual-binding” PfEMP1s may be a promising target for development of 

vaccines or severe malaria treatments. 
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BACKGROUND 

 Severe malaria significantly impacts young children in sub-Saharan Africa. In 

2020, 80% of the estimated 602,000 malaria deaths occurred in children less than five years 

old in sub-Saharan Africa.1 These deaths are primarily caused by cerebral malaria and 

severe malarial anemia. Both of these severe malaria phenotypes cause long-lasting 

neurological effects in children, with cognitive impairment that may persist months or 

years beyond the severe malaria illness.7,12  

 Plasmodium falciparum is the major cause of severe malaria in Africa, and this 

parasite species has the unique characteristic of sequestering in the human host by 

cytoadhesion to host cell receptors in the endothelium. Cytoadhesion is mediated by multi-

gene families in the parasite genome known as variant surface antigens (VSAs). 

Plasmodium falciparum erythrocyte membrane protein-1 (PfEMP1) is the most well-

studied VSA, and there are ~60 var genes encoding PfEMP1s per genome. However, only 

one PfEMP1 is expressed on the surface of an infected erythrocyte. var genes exhibit 

extreme diversity, with less than 50% amino identity between any two PfEMP1s.32 

PfEMP1 targets include several receptors in the human host, including endothelial protein 

C receptor (EPCR), intercellular adhesion molecule-1 (ICAM-1), cluster of differentiation 

(CD36), and chondroitin sulfate A (CSA).22 

 Using the upstream sequences, var genes are categorized into three main groups—

A, B, and C.28 Further classification requires identifying the varying combinations and 

sequences of the extracellular domains of PfEMP1s. These domains are the Duffy binding-

like (DBL) and cysteine-rich interdomain regions (CIDR) domains encoded by exon 1. 

Some sub-classifications of DBL and CIDR domains can be used to predict binding targets 
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in the host. Particular combinations of two or more domains that have been found to recur 

in three or more genomes form domain cassettes (DCs), and certain domain cassettes such 

as DC8 and DC13 are known for containing CIDRα EPCR-binding domains.17 

 Expression of PfEMP1s associated with severe malaria has largely been studied 

using quantitative reverse transcription PCR (qRT-PCR), targeting more conserved areas 

in expressed PfEMP1s with degenerate primers. These methods have been used extensively 

to identify associations with severe malaria. Group A var genes, which are longer and 

generally more complex, have been associated with severe malaria in multiple 

studies.40,41,44,45,47,50,51,71–73 DC8 and DC13 are among the domain cassettes associated with 

severe malaria45,47,48,50,51,74 and contain subtypes of the domain CIDRα1 that bind EPCR in 

the human host. EPCR is expressed on endothelial cells, and protein C binding mediates 

cytoprotective and inflammatory pathways. Disruption of this pathway may occur when 

infected erythrocytes bind EPCR on endothelial cells and displace potential binding by 

protein C. Binding to ICAM-1 has also been associated with cerebral malaria in some 

studies75–78, but other studies of ICAM-1 have failed to identify the same association.79–81 

Expression of “dual-binding” PfEMP1s—predicted to bind both EPCR and ICAM-1—

have been associated with cerebral malaria in Tanzanian, Ghanaian, and Beninese 

children.19,82 It has been hypothesized that the “dual-binders” are part of a cascade in which 

infected erythrocytes first bind EPCR on the brain endothelium, activating the release of 

cytokines which increases the expression of ICAM-1.83  

 Understanding PfEMP1 expression and pathogenesis is critical to unraveling the 

basis of severe malarial disease. Exactly how an infection progresses to a severe case of 

malaria in a child is still not completely understood, and likely is the result of host, parasite, 
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and treatment factors. The extraordinary diversity of var genes complicates determining 

how the expression of VSAs is associated with severity of disease. Traditional methods to 

determine differential expression use a common reference genome to align RNA 

sequencing reads, and assume expression of the same gene in the comparison groups. 

Given that it is unlikely that the same var gene is expressed in different clinical samples, 

this approach does not meet the same assumptions. 

 We recently developed a method for sequencing var genes from clinical samples.54 

Our approach first uses capture probes to enrich for parasite and variant surface antigen 

cDNA before sequencing. After sorting parasite and any unmapped reads, reads are 

assembled de novo, in a reference-free method.  

 Applying our methods, we identified and quantified expressed var genes in a 

matched case-control study of severe malaria in Malian children. We hypothesized that 

non-CD36-binding PfEMP1 subtypes that bind endothelial receptors such as EPCR will be 

predominantly expressed in severe malaria cases compared to controls with uncomplicated 

malaria. Using de novo assembly, we constructed var transcripts from RNA sequencing 

reads from cases of severe malaria and carefully matched controls with or without a history 

of severe malaria. Severe malaria cases included cerebral malaria, severe malaria anemia, 

and concurrent cerebral malaria and severe malaria anemia. We annotated the PfEMP1s 

encoded by transcripts to classify domain subtypes, allowing us to predict potential binding 

targets in the host and to determine if any of these subtypes or predicted binding targets is 

associated with severe malaria.  
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MATERIALS AND METHODS 

Sample collection 

 Whole blood samples (2.5 mL) were collected into PreAnalytix PAXgene Blood 

RNA collection tubes (Qiagen/BD) as part of a severe malaria case-control study in Mali 

from 2014-2018. Cases of severe malaria, including cerebral malaria, severe malarial 

anemia, and both cerebral malaria and severe malarial anemia concurrently, were recruited 

from children seeking hospital care. Uncomplicated malaria controls were recruited from 

health clinics and villages, and were matched on age, sex, district, ethnicity, and date of 

presentation. When possible, two kinds of matched controls were identified: controls 

without a history of severe malaria and those with a history of severe malaria, ascertained 

by history and hospital records. Inclusion criteria included agesix months to five years, 

confirmed malarial disease with P. falciparum, residence in the areas of the study (Bamako, 

Sikasso, or Bandiagara), written and informed consent from the parent or guardian, and 

availability to participate in the study including any follow-up. All protocols were approved 

by the Faculty of Medicine, Pharmacy and Dentistry, Bamako, Mali Institutional Review 

Board and the University of Maryland Institutional Review Board. The study protocol was 

conducted in accordance with the Declaration of Helsinki. 

 The case definition for cerebral malaria was a Blantyre coma scale of ≤2, no other 

apparent cause of coma, and malarial retinopathy, determined by indirect ophthalmoscope 

examination.53 The case definition for severe malaria anemia included a hemoglobin level 

of ≤5 g/dL and no other apparent cause of anemia. Uncomplicated malaria controls had a 

fever of >37.5 °C with no other apparent cause of febrile illness, and the presence of 

asexual parasites at any density. These criteria were determined specifically for the malaria 
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transmission season in Bandiagara. Exclusion criteria were participation in a concurrent 

clinical trial, the use of anti-malarial medications such trimethoprim-sulfamethoxazole, a 

prior known immunodeficient condition, or any condition (as determined by the primary 

investigator) with the potential to infringe upon the safety or rights of a participant that 

would render the participant unable to participate in the study protocol. 

RNA extraction, sequencing, and de novo assembly 

 PAXgene tubes with collected whole blood were stored and extracted according to 

the manufacturer’s instructions (Qiagen). Libraries were prepared, and parasite RNA 

captured using the Roche SeqCap EZ Enrichment System. Probes were designed based on 

the 3D7 reference genome, and supplemented with VSA sequences from lab strains, 

reference genomes, and clinical samples to enrich for parasite RNA.54 Samples were 

sequenced using the Illumina NovaSeq 6000 sequencing platform. Prior to the var gene 

analysis, we assessed the samples for any potential outliers using gene count data generated 

with the P. falciparum 3D7 reference. We used a data frame of gene counts (except for 

VSA and rRNA genes) normalized by total reads mapping to P. falciparum to conduct a 

Principal Component Analysis (PCA). 

 As previously described,54 reads were sorted and assembled de novo with 

rnaSPAdes for each sample to assemble any potential var gene transcripts without the aid 

of a reference.68 Briefly, protein coding regions with a minimum length of 500 nucleotides 

were identified with EMBOSS getorf (v6.6.0.0)84, and then putative var gene transcripts 

were identified from the de novo-assembled transcripts using blastp search against a 

database of 4,443 known var genes. Redundancy of assembled transcripts was reduced by 

using cd-hit69 to collapse de novo-assembled transcripts first at the nucleotide level, and 
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then again at the protein level. This resulted in shorter sequences assembled separately 

being clustered with larger sequences that contained regions of similarity >90%. This 

threshold was chosen to identify functionally unique transcripts.  

var transcript and quantification 

 Transcripts were identified as expressed var genes using VarDom and HMMER85 

profiles built with known sub-classified domain sequences from Rask, et al.32 HMMER 

profiles were constructed by aligning the sequencing for each domain subtype (i.e., 

DBLα0.1, CIDRα1.1). Any transcripts assembled and identified as var transcripts were 

classified using HMMER85 into constituent subdomains to identify potential binding 

targets in the human host.  

 var gene expression was quantified by mapping to the de novo assembled 

transcripts with hisat286, and transcripts per million (TPMs) were calculated to determine 

the most expressed var gene, as described previously.54 TPMs was chosen as a metric to 

normalize counts to the length of the var gene and to the size of the sequencing library and 

to ensure that larger libraries did not bias gene counts. 

 PfEMP1 domains encoded by the transcripts were sub-classified using the results 

of the HMMER profiles and hmmscan. Sub-classified domains were predicted to bind 

human host receptors including EPCR, ICAM-1, CSA, and CD36 (Table 3.1).17,19,23,24,87,88 

Predicted subdomain classifications determined any domain cassette classifications 

according to Rask, et al.32 For ICAM-1, in addition to the predicted subdomain 

classification of DBLβ, we identified the ICAM-1-binding motif 

(I[V/L]x3N[E]GG[P/A]xYx27GPPx3H) in DBLβ domains downstream of EPCR-binding 

CIDRα domains.19  
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Table 3.1 Sequence and domain classification used to predict binding phenotypes 

 

 The most expressed var for each sample was identified by calculating transcripts 

per million (TPMs). For each most expressed transcript, we determined if there were any 

domains with a predicted binding target and/or if there were any domain cassettes in the 

transcript. Predicted binding targets and domain cassettes were also determined for all other 

vars expressed within each sample. TPMs were totaled for all transcripts within a sample 

that were predicted to bind a specific human receptor (shown in Table 3.1). We made 

matched comparisons between cases and controls using the totaled TPMs for each sample. 

The Wilcoxon matched-pairs signed-rank test was used for all matched comparisons 

between the cases and the matched uncomplicated malaria controls. 

Random Forest analysis 

 The Random Forest classification algorithm was used to identify demographic 

variables and expression patterns that might predict severe malaria. Prior to model 

generation, a tabular dataset was constructed including demographic data (Table 3.2 except 

hemoglobin levels and Blantyre coma scale, which were used to define the severe malaria 

phenotypes) and data generated from var transcripts assembled de novo for each case and 

control included in the var gene expression analysis. This information summarized domain 

cassettes and predicted binding targets (EPCR, ICAM-1, CD36, and CSA). Total counts 

for each of these DCs within an infection and potential binding phenotypes were 



61 
 

determined as well as the total TPMs to quantify expression for each sample and each of 

the domain cassettes and binding targets within each sample. This included total var TPMs, 

total EPCR-binding TPMs, total TPMs for PfEMP1 DBLβ domains that may bind ICAM-

1, total TPMs for DCs, total TPMs for PfEMP1s with ICAM-1-binding motif,19 and total 

TPMs for CIDRα domains.  

 The first model generated by Random Forest analysis included only demographic 

data (data pertaining only to the participant, and not related to the parasite) to determine if 

baseline variables such as, age, sex, ethnicity, residency, or blood type were predictive of 

severe malaria. A second Random Forest analysis was performed that included the 

demographic data and var gene expression data to determine if inclusion of var gene 

expression improved the accuracy of the model to predict severe malaria cases. Each 

Random Forest model was performed averaging the votes from 100,000 decision trees, 

then a subsequent permutation variable importance metric was calculated. In brief, a given 

variable in the dataset would be randomly permuted, then accuracy would be recalculated 

with the permuted dataset. If a variable was important to the accuracy of the model, the 

permutation of that variable would result in a lower accuracy result. The differece between 

the non-permuted accuracy and the permuted accuracy is averaged across all trees resulting 

in “mean decrease in accuracy.” Mean decrease in accuracy was calculated for each 

variable and sorted to determine the variables of importance. All random forest analyses 

were conducted using the randomForest package in R.89 
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RESULTS 

Study population characteristics 

 RNA sequencing data was available for 103 of the 138 study participants. Using 

samples suited for a matched design and analysis, sequencing data was generated for 33 

severe malaria cases, 32 controls without a history of severe malaria, and 19 controls with 

a history of severe malaria (n = 84; Table 3.2). This included three different types of severe 

malaria, including cerebral malaria (CM, n = 14), severe malaria anemia (SMA, n = 11), 

and concurrent cerebral malaria and severe malarial anemia (CM + SMA, n = 8).  

Quality control and sorting reads 

 The library sizes of the 84 cases and matched controls ranged from 2,080,778 to 

246,860,744 total reads. To identify any P. falciparum, var reads, or unmapped reads, reads 

were aligned to a concatenated reference of the human genome reference, P. falciparum 

3D7 reference genome, and all known var genes. A principal component analysis (PCA) 

using gene count data from the core P. falciparum 3D7 reference genome revealed one 

SMA case as a distinct outlier (Supplemental Figure 5). The outlier SMA sample and its 

two matched controls were removed from the analysis. Alignment data was used to sort 

the P. falciparum and unmapped reads, which was subsequently assembled de novo to 

identify var transcripts. The percentage of P. falciparum and unmapped reads ranged from 

~28% to ~99% of the total reads.  

De novo assembly and var transcript abundance 

 We identified a total of 1,754 unique confirmed var transcripts in 84 samples using 

VarDom and HMMER profiles, with a range of 0 – 150 transcript fragments identified per 

sample, a mean of 20.8 transcript fragments/sample, and a median of nine transcript 
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fragments/sample. Cases produced a total of 1,071 unique var transcripts, and controls 

produced a total of 683 unique var transcripts. We identified at least one var transcript 

encoding more than one PfEMP1 domain in 74/84 (88%) of matched cases and controls. 

 Sequencing data from 10 samples did not produce confirmed var transcripts with 

more than one domain and enough information to identify a binding target. Nearly all of 

these samples without any confirmed var transcripts (9/10) were control samples with or 

without a history of severe malaria. One sample without any assembled vars was a case 

(SMA) with relatively low parasitemia (5,375 parasites/µL). Most samples without 

identified var transcripts (9/10) had a parasitemia less than 10,000 parasites/µL. One of the 

10 samples without any assembled var transcripts identified primarily had Plasmodium 

malariae RNA (~81%) and far less P. falciparum RNA (~7%).  
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Table 3.2 Characteristics of participants in the severe malaria case-control study. SM: 
severe malaria. 
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 After excluding the samples without var transcripts (n = 10) and the outlier via PCA 

(n = 1) as well as the corresponding matched control or case (n = 4), a total of 30 cases and 

39 matched controls remained for inclusion in the analysis (n = 69). There was no 

significant difference in the lengths of the assembled var transcripts between cases and 

controls (Figure 3.1; Wilcoxon rank sum test, p = 0.95). In a matched comparison, cases 

of severe malaria had more unique transcripts compared to either uncomplicated malaria 

cases with or without a history of severe malaria (Wilcoxon matched-pairs signed-rank, 

cases vs. matched controls without a history: p = 0.0041, cases vs. matched controls with a 

history: p = 0.045; Supplemental figure 6). Because cases had higher levels of parasitemia, 

we investigated if this could be correlated with the percentage of reads mapping to var 

genes. However, we did not find a strong correlation between parasitemia and the 

percentage of reads that mapped to var genes (Spearman ρ = 0.16, p = 0.17; Supplemental 

Figure 7). 

 After calculating TPMs to quantify the expression of each transcript, the var 

transcripts were sorted by TPMs to determine the most expressed transcript. We then 

determined the proportion of overall var expression for each most expressed transcript for 

each sample. Cases produced more unique transcripts, and the most expressed var gene 

transcript in each sample was a significantly smaller proportion in cases compared to both 

controls with (p = 0.012) and without a history of severe malaria (p = 0.033; Supplemental 

Figure 8).  

 Comparing overall var gene expression (TPMs), we did not find a difference 

between cases and uncomplicated matched controls without a history; however, cases had 

significantly greater var gene expression compared to the uncomplicated malaria controls 
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with a history of severe malaria (cases vs. matched controls with a history: p = 0.48; cases 

vs. matched controls with a history: p = 0.0068, Figure 3.2A). 
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Figure 3.1. Lengths of confirmed var transcripts assembled from different severe malaria 

phenotypes and uncomplicated malaria controls. Samples are sorted from highest to lowest 
parasitemia within each sample group. CM: cerebral malaria; SMA: severe malarial anemia; UMC: 
uncomplicated malaria control. Kb: kilobases. 

 

Figure 3.2 Matched comparisons of PfEMP1 expression between severe malaria cases and 

uncomplicated malaria controls. (A) Cases of severe malaria (red) did not have a significant 
difference in total var gene expression compared to matched uncomplicated malaria controls without 
a history of severe malaria (green); however, cases of severe malaria had significantly greater var gene 
expression compared to matched controls with a history of severe malaria. (B) While the median TPM 
was greater in cases, expression of EPCR-binding PfEMP1s was not significantly greater comparing 
cases of severe malaria (red) matched to uncomplicated malaria controls without a history (green) of 
severe malaria or uncomplicated malaria controls with a history (blue). (C) Expression of predicted 
dual-binding PfEMP1s was significantly greater in severe malaria cases (red) compared to 
uncomplicated malaria controls without a history of severe malaria (green), but not uncomplicated 
malaria controls with a history (blue).  Grey lines connect the values for the case and corresponding 
matched control. The black line in each boxplot is the median value. Note that each figure has y axes 
that are on a different scale. TPMs: transcripts per million; Hx: history. (Figure is displayed on 
following page.) 
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More unique EPCR-binding CIDRα domains are expressed in severe malaria cases 

 To quantify ECPR-binding PfEMP1s in cases and controls, we totaled the TPMs 

for all expressed ECPR-binding PfEMP1s in each sample. This total TPM count was 

compared between severe malaria cases and their matched controls. While the median was 

greater in cases in both matched comparisons, there was no significant difference in EPCR-

binding PfEMP1 expression between cases and matched controls without a history of 

severe malaria (p = 0.33), and the difference approached significance comparing cases and 

matched controls with a history of severe malaria (p = 0.053, Figure 3.2B).  

 To further investigate the different expressed CIDRα1 domains known to bind 

EPCR, we compared the number of unique CIDRα1 domains between case and matched 

controls. Cases expressed more unique EPCR-binding CIDRα1 domains compared to 

matched controls with a history (p = 0.005) or without a history of severe malaria (p = 

0.028) (Supplemental Figure 9). The relative proportion of each CIDRα1.1 subtype was 

determined for cases and controls. CIDRα1.1 was the most abundant and included the 

highest percentage of CIDRα1 domains in cases, and CIDRα1.4 was the most abundant 

and included the highest percentage of CIDRα1 domains in controls (Supplemental Figures 

10 and 11). Comparing relative proportions of EPCR-binding CIDRα domains in each 

sample, there was no significant difference between cases and matched controls without a 

history (p = 0.37) or with a history of severe malaria (p = 0.25).  
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DBLβ domains that may bind ICAM-1 significantly more expressed in severe malaria 

cases 

 To investigate another potential binding phenotype associated with severe malaria, 

we determined how many expressed PfEMP1s contained DBLβ subclasses from which 

ICAM-1 binders have been identified. Because binding cannot be predicted with 

confidence solely by domain sub-classification of DBLβ, we searched PfEMP1s sequences 

for the presence of an ICAM-1 binding motif.19 PfEMP1s containing this motif in a DBLβ 

domain downstream of an EPCR-binding CIDRα have been predicted to be “dual-binding” 

PfEMP1s. PfEMP1s with this DBLβ domain motif were significantly more expressed in 

severe malaria cases compared to matched uncomplicated malaria controls without a 

history of severe malaria (Figure 3.2C, p = 0.014). An association was not found in the 

comparison to controls with a history of severe malaria (Figure 3.2C, p = 0.2). 

 

Random Forest analysis reveals domains with ICAM-1-binding potential as predictor  

 To determine the ability of the PfEMP1 expression data to predict severe cases of 

malaria, we used a dataset composed of demographic factors and variables that were 

calculated from our var expression data for each sample. We ran two different random 

forest models: one with only demographic data (data pertaining only to the participant), 

and one with demographic data as well as parasite data, including the var gene expression 

data, parasitemia, and time of collection. The model with only demographic data had low 

accuracy (39.13%), but did confirm that samples were matched well on the participant 

variables, as none were predictive of severe disease based on the low mean decrease in 

accuracy values. Low values indicate that the participant variables do not account for a 
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large amount of the variation between the cases and controls.  Including the var expression 

data increased the accuracy to 62.32%. This increased the class accuracy of both cases and 

controls (44% and 77%, respectively), but the model was more accurate in classifying the 

controls (Figure 3.5).  

 In ranking the variables of importance, the most predictive variable was expression 

of PfEMP1s with ICAM-1-associated DBLβ domain as measured by TPMs (Supplemental 

Figure 12). All of the top three variables included some component of DBLβ subclasses 

from which ICAM-1 binding has been identified. 
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Figure 3.3 Confusion matrices for Random Forest models with and without var expression data. (A) 
Using only demographic data did not produce an accurate model (39.13% overall accuracy) to predict cases 
of severe malaria. (B) Including var expression data as well as the demographic data improved the overall 

accuracy (62.32%).  

  



73 
 

DISCUSSION 

 In this study, we investigated the expression of var genes in clinical samples of 

severe malaria phenotypes and matched uncomplicated malaria controls in a case-control 

study of Malian children. Our study presents an analysis of var genes assembled de novo 

for each sample and a comparison between clearly defined severe malaria phenotypes and 

two sets of matched uncomplicated malaria controls—those with or without a history of 

severe malaria. 

 We investigated two main binding phenotypes that have been associated with 

severe malaria: EPCR-binding and ICAM-1-binding PfEMP1s. In severe malaria cases 

compared to uncomplicated malaria controls, we identified significantly higher expression 

of transcripts encoding dual-binding PfEMP1s in cases of severe malaria compared to 

uncomplicated malaria controls without a history of severe malaria. We found further 

evidence of this association in our Random Forest analysis, which showed that expression 

of PfEMP1s with DBLβ domains associated with ICAM-1-binding was important in 

classifying cases and controls. Despite cases having a greater median TPMs, we did not 

find a clear association between expression of EPCR-binding PfEMP1s and severe malaria 

in our matched comparisons.  

 A previous history of severe malaria may lead to restricted var expression, as shown 

in our matched comparison of total var expression in cases of severe malaria matched to 

uncomplicated malaria controls. Interestingly, we found that var diversity was linked to 

disease severity and that in severe malaria cases, the most expressed var transcript 

represented a small proportion of the overall var expression.  
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 Dual-binding PfEMP1s that bind both EPCR and ICAM-1 have recently been 

associated specifically with cerebral malaria, identified in studies of Tanzanian and 

Beninese children.19,82 Interestingly, our group of severe malaria cases included children 

with cerebral malaria and/or severe malaria anemia, suggesting that a dual-binding 

phenotype of both EPCR-binding and ICAM-1-binding may play a role in the pathogenesis 

of severe malarial anemia, not just cerebral malaria. Alternatively, this could also be an 

artifact of combining the severe malaria phenotypes. Addressing the specificity to either 

cerebral malaria or severe malarial anemia is a future direction. This upregulation of dual-

binding expression may also be contributing to the differences observed in ECPR-binding 

CIDRα1 domains expression. This dual-binding phenotype is a result of two distinct 

domains in a single PfEMP1, further emphasizing the importance of a next generation 

sequencing approach that includes evaluation of the full PfEMP1 transcripts. This makes 

it much more likely to identify the role of individual PfEMP1s with multiple host binding 

targets that may play an important role in the pathogenesis of severe malarial disease. 

  Our study did not identify a clear association between expression of EPCR-binding 

PfEMP1s and severe malaria. This is in contrast to several quantitative RT-PCR-based 

studies that have found that the expression of ECPR-binding PfEMP1s is strongly 

associated with severe malaria.45,47,48,50,51,74 We evaluated the different types of CIDRα 

domains expressed in cases and controls, and while EPCR-binding CIDRα1 domains were 

abundant, the proportion of EPCR-binding CIDRα domains was not significantly different 

between cases and matched controls. There are differences in methodology that may 

account for these discrepant findings, including qRT-PCR versus capture array followed 

by RNA sequencing, as well as our study design, which included matched controls, a 
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feature lacking in previous qRT-PCR-based studies. We found that there were more unique 

CIDRα1 domains expressed in cases compared to controls. Methods using degenerate 

primers target specific CIDRα1 domain subtypes. Cases may have higher expression of 

multiple unique CIDRα1s, but still not differ in overall abundance of EPCR-binding 

PfEMP1s compared to controls. An EPCR-binding PfEMP1 TPM metric may more 

accurately assesses the contribution of EPCR-binding PfEMP1s than specific degenerate 

primer targets, which have the potential to place too strong an emphasis on CIDRa1 

diversity, and this could be another explanation for why CIDRα1 has been up-regulated as 

shown by qRT-PCR. 

 A recent study using RNA sequencing to study gene expression in adult severe 

malaria cases in Indonesia found mixed results studying the association between expression 

of transcripts with ECPR-binding CIDRα1s.52 In an analysis comparing expression of 

particular domains, two EPCR-binding CIDRα1 domains—CIDRα1.1 and CIDRα1.6—

were up-regulated in severe cases of malaria using an approach comparing read counts of 

the same domain classification, but this finding was not supported in an analysis comparing 

transcripts from the de novo assemblies. The same study did not find an overall difference 

comparing total var gene expression (reads mapping to var genes) in cases and controls 

normalizing for library size. We found similar results using TPMs as a metric, comparing 

cases and matched controls without a history of severe malaria. Interestingly, we did find 

a significant difference in comparing overall var expression levels to the matched controls 

with a history of severe malaria. This particular matched comparison is novel and could 

indicate that those with a history of severe malaria could be better at controlling the 

expression of vars due to prior exposure and immunity. The diversity of var genes 
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expressed in cases was significantly greater than that compared to controls, and while it is 

possible that parasitemia may account for some of this difference, there was not a strong 

correlation between parasitemia and the percentage of reads that mapped to var genes. The 

diversity of expressed var genes may be contributing to severity of disease by 

overwhelming the immune system with multiple different PfEMP1s to bind human 

receptors—diversity that might be controlled via antibodies to PfEMP1s acquired through 

prior infections.  These antibodies could be potent protective host factors preventing the 

development of severe malaria. The distinct comparisons to uncomplicated malaria 

controls with a history of severe malaria highlight how host factors may affect PfEMP1 

and disease severity. In a protein microarray study, sera from severe malaria cases in 

Malian children were less reactive to PfEMP1s and recognized fewer PfEMP1 fragments 

than controls with uncomplicated malaria.90  

 Our study had several strengths, which included clearly defined clinical 

phenotypes. This included diagnosed cerebral malaria that was verified with an indirect 

ophthalmoscope examination that identified malarial retinopathy. Controls were carefully 

matched to account for host demographic factors and included controls with and without a 

history of severe malaria. Two groups of controls were selected based on the presence or 

absence of a history of severe malaria, as ascertained by questionnaire and medical charts. 

This is the first study to specifically include controls with a history of severe malaria, as 

well as address demographic factors in matched comparisons in comparing expression of 

var genes. In addition, RNA sequencing allowed us to assess full length transcripts, and 

we used sequence information to classify and predict potential binding phenotypes. Finally, 
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var transcripts were assembled without a reference, reducing the potential bias of detecting 

transcripts or domains only similar to known var genes.  

 While we did include carefully defined cases of cerebral malaria, severe malarial 

anemia, and concurrent cerebral malaria and severe malaria anemia, our final sample size 

was not powered to investigate associations specifically associated with each severe 

malaria phenotype. In addition, several samples could not be included in the analysis 

because we were not able to assemble var transcripts. These samples were mostly controls, 

and it is possible that the exclusion of these samples could introduce some bias to the 

analysis. However, using capture probes, we were likely able to include many other lower 

parasitemia samples that otherwise may not have produced var transcripts using other 

enrichment methods.54 The capture probes were designed using known var sequence 

information, but these probes do not require an exact match to capture reads with similarity 

to reference variant surface antigens and the P. falciparum genome.  

 In conclusion, our findings support the role of dual-binding PfEMP1s in the 

pathogenesis of severe malaria in Malian children. Addressing this dual-binding phenotype 

in designing vaccines or treatment options may help to prevent severe disease. However, 

this does not preclude a role for other PfEMP1 binding phenotypes not yet identified, 

particularly those associated with specific forms of severe malaria phenotypes. Next steps 

should include a larger sample size powered to address these questions, the addition of 

different sites to determine if the same patterns are observed in other populations, and 

possible adjustment for factors such as blood type and hemoglobinopathies. Our findings 

demonstrate the importance of addressing demographic information, as well as considering 

a history of exposure and severe disease. Host factors are not always addressed in studies 
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of var expression, but they are an important consideration in trying to unravel the 

pathogenesis of severe disease. Sequencing data generated from this study could be useful 

to address some of these host factors using tools such as a protein microarray to investigate 

immunity to specific expressed PfEMP1s.  
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Chapter 4. Discussion and conclusion 

 Although PfEMP1s comprise the most well-known P. falciparum family of variant 

surface antigens, we are still studying the role of these antigens in the pathogenesis of 

severe malaria. Sequencing technologies are continuously evolving, and next generation 

sequencing has continued to drop in cost and increase in availability. Adapting these 

technologies and leveraging new tools to further study var genes and PfEMP1s is critical 

to fully understanding the complexities of this extremely diverse antigen family. 

Sequencing technologies provide the opportunity to assemble a more complete picture of 

gene expression with full gene sequences, yielding more insightful data to identify patterns 

and associations with severe disease phenotypes.  

 In completing this dissertation, I addressed the following two aims: 1) identify an 

effective method for selectively sequencing parasite RNA from peripheral blood samples 

for quantification of var gene expression and 2) determine PfEMP1 subtype abundance 

profiles for var transcripts specific to cerebral malaria versus severe malarial anemia 

syndromes. For Aim 1, I hypothesized that using selective enrichment of parasite cDNA 

and de novo assembly of reads into transcripts, an RNA-Seq-based approach, will 

effectively allow the reconstruction of var gene transcripts from peripheral blood samples 

for analysis of var gene expression. For Aim 2, I hypothesized that non-CD36-binding 

PfEMP1s subtypes that bind endothelial receptors such as EPCR will be predominantly 

expressed in severe malaria cases compared to controls with uncomplicated malaria and 

will be dissimilar in cerebral malaria versus severe malarial anemia. 

 In agreement with my hypothesis for Aim 1, our validated methods demonstrate 

that sequencing and assembling the var gene family from RNA is possible on a large scale, 
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and that these methods can be effectively applied to identify var gene expression in clinical 

samples. For Aim 2, we identified increased expression of PfEMP1s that bind both EPCR 

and ICAM-1 (“dual-binding”) and a higher diversity of var expression in cases of severe 

malaria compared to uncomplicated malaria controls. In contrast to my original hypothesis, 

we did not identify predominant expression of EPCR-binding PfEMP1s in cases compared 

to uncomplicated malaria controls. However, EPCR-binding is part of the dual-binding 

phenotype, and this could explain why an association with severe malaria has been 

identified with differing methods of qRT-PCR.45,47,48,50,51,61  

 These findings expand on the first var expression studies in clinical samples by 

evaluating and quantifying expression of full transcripts, not just targeting specific domains 

or domain cassettes. While the sample size was not quite large enough to discern 

associations specific to each severe malaria syndrome, these methods outline an approach 

that can applied to investigate expression patterns specific to each syndrome. The results 

add an unbiased next generation sequencing dimension to numerous studies of var 

expression in severe malaria. An important contribution is a method for sequencing these 

genes from clinical samples that accounts for the different vars that may be expressed from 

sample to sample. Furthermore, the matched comparisons accounted for host factors that 

have not been addressed in prior studies. Matching to other participants with or without a 

history of severe malaria uncovered associations specific to each comparison and further 

emphasize the importance of considering the host factors that are likely contributing to 

severe disease. Further insights could be gained by expanding the sample size as well as 

investigating PfEMP1 associations in other forms of severe malaria and other geographic 

populations.  
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 To further investigate the host factors in this study such as immunity, transcript 

sequences can be used to inform the design of tools such as a custom malaria protein 

microarray. By using sequences of specific PfEMP1s known to be expressed in severe 

infections, it is possible to directly assess immunity in specific individuals to specific 

antigen variants at the time of infection and in convalescence. Another potentially 

insightful application is the use of sequences in proteomics studies to determine which 

PfEMP1 transcripts are actually translated into proteins. Only one PfEMP1 is displayed on 

the surface of each infected erythrocyte, but expression studies evaluate a population of 

cells and often find that many PfEMP1s are expressed in a single infection. It is not yet 

known how well PfEMP1 transcripts represent the proteins displayed on the cells in a 

clinical infection. While expression of var genes may be indicative of the protein displayed 

on the surface of the cell, transcript abundance may not directly correlate with the PfEMP1s 

that are translated and displayed on the surface of the cell.34 A recent study reported that a 

PfEMP1 protein displayed on the surface of sporozoites was not correlated with transcript 

abundance in an RNA-Seq analysis.91 Expression at the RNA level has been evaluated in 

numerous studies, but the protein is a more direct link to understanding the role of 

PfEMP1s in severe malaria pathogenesis. Without the PfEMP1 sequences specific to 

clinical samples, matching peptides identified from a proteomics analysis to PfEMP1s 

using only sequences from a reference genome would not be informative nor representative 

of the actual infecting PfEMP1s.  

 De novo assembly is an unbiased approach to assembling sequencing reads into 

transcripts, allowing for the diversity of the var gene family to be evaluated. Reconstructing 

complete transcripts provides an opportunity to evaluate var diversity on many levels. The 
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full sequence information allowed for the prediction of not only EPCR-binding, but also 

ICAM-1 binding by predicting motifs. These targets are just two examples of PfEMP1 

binding phenotypes, but with full sequence information, the data can be further analyzed 

to identify novel motifs that may be associated with severe malarial disease. In addition to 

novel motifs, we can also identify other variant surface antigens from the sample-specific 

de novo assemblies, as well as potentially novel sequences of other variable antigens.  

 Studies using RNA-Seq to study var gene expression using de novo methods to 

assemble transcripts have just begun to inform the var gene expression field.52,92 Our 

methodology varies from other published de novo assembly studies using RNA-Seq to 

study var gene expression. In terms of sample collection and processing, our methods need 

only minimal processing in the field, as our samples were collected and stored as whole 

blood. This is in contrast to other RNA-Seq studies that performed leukocyte depletion, a 

time-consuming step that can be difficult to carry out in field conditions. Before 

sequencing, we used a custom capture array to enrich for parasite RNA. Our results are 

specific to P. falciparum and var gene expression, but these methods could also be applied 

to other parasites and pathogens with highly diverse antigens such as those that cause 

giardiasis and leishmaniasis. 

 Producing enough sequence data to assess diversity of this gene family in clinical 

infections is important, especially when considering the implications for vaccine and 

treatment options. Protective immunity to severe disease develops over time and with 

malaria exposure—an indication that it is possible to develop a vaccine that could prevent 

severe disease. Two vaccine candidates developed from VAR2CSA, a specific PfEMP1 

involved in binding to chondroitin sulfate A (CSA) on the placenta, have recently been 
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tested in Phase I clinical trials to prevent placental malaria in pregnant women (PRIMVAC 

and PAMVAC).93,94 This is the first PfEMP1 antigen target in clinical trials. Because of 

the complexity and size of the antigen, subunit vaccines target only the CSA-binding 

region. These vaccines induced high levels of antibodies after all doses were administered, 

but the antibodies were specific to the vaccine variant and had limited cross-recognition of 

VAR2CSA from heterologous strains. As a result, the inclusion of several VAR2CSA 

variants may be necessary as a next step in the development of VAR2CSA-derived vaccine 

candidates to improve cross-reactivity and cross-inhibition.95,96 Accounting for the 

diversity of VAR2CSA has been an important lesson in the development of a vaccine to 

protect against placental malaria, and one that should be applied in the development of a 

PfEMP1-focused vaccine to protect against severe malaria. Methods that fully characterize 

the diversity of pathogenic variants in severe malaria infections comprise a critical step in 

developing a vaccine with strong protection against diverse P. falciparum PfEMP1s.  

 There are some limitations to consider in the potential of the novel sequencing 

method described in this dissertation. Samples are collected from peripheral blood and 

therefore only include circulating parasites. Sequestered parasites that are attached to the 

endothelial cells will not be sampled; however, collecting sequestered samples from tissue 

for RNA or allowing participants to develop severe disease is neither ethical nor feasible. 

Cost is another consideration that may be a limitation in applying some of these methods 

to other studies and populations. Next generation sequencing costs are declining, but the 

cost of a custom capture array may be prohibitive. However, by enriching for the desired 

species and genetic material of interest, less of the sample has to be sequenced, and this 

may help to offset the cost per sample. 
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 As mentioned, another limitation is our small sample sizes of the severe malaria 

phenotypes examined. Next steps should include applying our methods to a larger sample 

size as well as consider including other types of severe malaria. Our study focuses on two 

main phenotypes: cerebral malaria and severe malaria, as well as concurrent infections of 

both phenotypes. However, there are other severe malaria phenotypes to consider. 

Acidosis, renal failure, hypoglycemia, respiratory distress, and hyperparasitemia are 

examples of other severe malaria phenotypes for which it would be beneficial to investigate 

PfEMP1 associations specific to each phenotype and manifestation of severe disease. It is 

also important to keep in mind that this study is PfEMP1-focused. The development of 

severe disease is likely the result of many factors, including host, parasite, and treatment 

factors. We did also use the described samples from the case-control to generate data from 

the entire P. falciparum transcriptome as well as the human transcriptome. As the data from 

samples are further analyzed and as existing immunity from concurrently collected sera is 

assayed, the interplay of these factors can be considered when the results of the study as a 

whole are evaluated. Other host factors that may play a role include blood type, 

hemoglobinopathies, and human leukocyte antigen (HLA) types, and when applied to a 

large sample size with enough power, we may be able to detect associations or account for 

any confounding.  

 In conclusion, we have demonstrated the feasibility of methods to identify the 

expression of PfEMP1s in clinical infections and applied them on a large-scale to a case-

control study of severe malaria. Studies that incorporate these methods provide an 

opportunity to produce a more complete picture of PfEMP1 diversity and to uncover novel 

associations using full transcript sequences. Methods to account for and address the 
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diversity of this gene family when developing vaccine and treatment options are critical 

and will improve the quality of translational research on PfEMP1s and further illuminate 

their role in severe malaria.  
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APPENDIX 

 

Supplemental Table 1. Sample information, total reads, Plasmodium falciparum reads, insert 

size, and read length. 
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Supplemental Figure 1. Total number of reads mapping to the P. falciparum reference genome or unmapped 
(red) or the human reference genome (blue) for each library preparation [Capture, left; Depletion, center; 
Depletion + poly(A), right]. Reads mapping to P. falciparum or unmapped are a larger proportion of total 
reads in the Capture (left) library preparation than in those of Depletion (center) and Depletion + poly(A) 

(right). Samples are arranged from least to greatest parasitemia, left to right. 
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Supplemental Figure 2. Comparison of the number of 20 million randomly selected reads mapping to known 

var genes from each sample for each library preparation. The total number of randomly selected reads from 

Capture (orange) mapped to known var genes was significantly greater than Depletion (blue) and Depletion 

+ poly(A) (green) (Wilcoxon signed-rank test). 

Supplemental Figure 3. 

Comparison of transcripts per 

million for expressed var genes in 

Depletion + poly(A) and Capture. 

TPMs shown in scatterplots are 

for the var genes expressed in the 

four case-control study samples. 

TPMs are calculated from 

mapping to a common reference 

de novo assembled by combining 

reads from both Depletion + 

poly(A) and Capture libraries. 

Capture identified the same 

expressed var genes in the case-

control samples as did Depletion + 

poly(A), but with more transcripts 

per million. CM, cerebral malaria; 

UMC, uncomplicated malaria 

control; SMA, severe malarial 

anemia. 
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Supplemental Figure 4. Proportions of 
var gene expression for Capture mapping 
to de novo assembled sequences and to 
genomic sequences. The most-expressed 
var gene was the same mapping to the de 

novo and to the genomic references for 
samples UM 3, UM 5, UM 8, UM 9, and 
UM 11. Each color represents a distinct 
var sequence within each sample, except 
for the checkered wedges, which 
represent var sequences with expression 
of <5% of the total var expression. 
Wedges that are different pieces but the 
same color within a de novo reference pie 
correspond to two different parts of the
same genomic sequence (only within the 
same sample); however, the sequences 
assembled as two different distinct 
sequences in the de novo assembly with 

rnaSPAdes. UM, uncomplicated malaria.
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Supplemental Figure 6. Total unique var transcripts expressed in cases and matched controls with and 

without a history of severe malaria. Cases of severe malaria (red) expressed significantly more unique var 
transcripts compared to both uncomplicated malaria controls without a history of severe malaria (green) and 
uncomplicated malaria controls with a history of severe malaria (blue). Grey lines connect the values for the 

case and corresponding matched control. The black line in each boxplot is the median value. Hx: history. 

Supplemental Figure 5. Principal components analysis (PCA) constructed with reads per kilobase 

millions (RPKMs) mapping to P. falciparum 3D7 reference genome. SMA7 outlier identified from PCA 

was removed as part of the quality control analysis of RNA sequencing data. 
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Supplemental Figure 7. Spearman correlation between parasitemia and the percent of mapped reads 

to known var genes. Samples are from the severe malaria case-control study enriched with the custom 
capture array and then sequenced. 

 

Supplemental Figure 8. Proportion of var expression represented by the most expressed var gene in 

each sample. The most expressed var genes represented a significantly smaller proportion of the total var 
gene expression in cases (red) compared to uncomplicated malaria controls without history of severe malaria 
(green) and with a history of severe malaria (blue). Grey lines connect the values for the case and 

corresponding matched control. The black line in each boxplot is the median value. Hx: history. 
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Supplemental Figure 9. Matched comparison of unique EPCR-binding CIDRα1 domains. Grey lines 
connect the values for the case and corresponding matched control. The black line in each boxplot is the 
median value. 

 

 

Supplemental Figure 10. Percent of each unique CIDRα subtype in severe malaria cases (red) and 

uncomplicated malaria controls (blue). Denominator for percentages was the total number of unique 

CIDRα domains for each type of sample (cases and controls).  
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Supplemental Figure 11. Boxplots comparing transcripts per millions (TPMs) of PfEMP1s with each 

subtype of CIDRa domain. Comparisons are unmatched between cases (red) and controls (blue). Domain 
subtypes that were significant at the p < 0.05 level are highlighted in yellow. CIDR: cysteine-rich interdomain 

region. 
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Supplemental Figure 12. Variable of importance plot showing the mean decreased in accuracy for each 

variable include in the Random Forest analysis using demographic and var expression data. ICAM-1: 
intercellular adhesion molecule-1; TPMs: transcripts per million; DBL: Duffy binding-like, EPCR: 
endothelial protein C receptor; CIDR: cysteine-rich interdomain region, DC: domain cassette; CD36: cluster 

of differentiation 36. 
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