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Abstract Sequestration of Plasmodium falciparum(P. falciparum)-infected erythrocytes to host
endothelium through the parasite-derived P. falciparum erythrocyte membrane protein 1 (PfEMP1)
adhesion proteins is central to the development of malaria pathogenesis. PFEMP1 proteins have
diversified and expanded to encompass many sequence variants, conferring each parasite a similar
array of human endothelial receptor-binding phenotypes. Here, we analyzed RNA-seq profiles of
parasites isolated from 32 P. falciparum-infected adult travellers returning to Germany. Patients
were categorized into either malaria naive (n = 15) or pre-exposed (n = 17), and into severe (n = 8)
or non-severe (n = 24) cases. For differential expression analysis, PFEMP1-encoding var gene
transcripts were de novo assembled from RNA-seq data and, in parallel, var-expressed sequence
tags were analyzed and used to predict the encoded domain composition of the transcripts. Both
approaches showed in concordance that severe malaria was associated with PlEMP1 containing the
endothelial protein C receptor (EPCR)-binding CIDRa.1 domain, whereas CD36-binding PIEMP1 was
linked to non-severe malaria outcomes. First-time infected adults were more likely to develop
severe symptoms and tended to be infected for a longer period. Thus, parasites with more
pathogenic PFEMP1 variants are more common in patients with a naive immune status, and/or
adverse inflammatory host responses to first infections favor the growth of EPCR-binding parasites.
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Introduction

Despite considerable efforts during recent years to combat malaria, the disease remains a major
threat to public health in tropical countries. The most severe clinical courses of malaria are due to
infections with the protozoan species Plasmodium falciparum. In 2019, there were 229 million cases
of malaria worldwide, resulting in more than 400,000 deaths (WHO, 2020). Currently, about half of
the world’s population lives in infection-prone areas, and more than 90% of the malaria deaths occur
in Africa. In particular, children under five years of age and pregnant women suffer from severe dis-
ease, but adults from areas of lower endemicity and non-immune travelers are also vulnerable to
severe malaria. Both, children and adults are affected by cerebral malaria, but the prevalence of dif-
ferent features of severe malaria differs with increasing age. Anemia and convulsions are more fre-
quent in children, jaundice indicative of hepatic dysfunction and oliguric renal failure are the
dominant manifestations in adults (Dondorp et al., 2008; World Health Organization, 2014). More-
over, the mortality increases with age (Dondorp et al., 2008) and was previously determined as a
risk factor for severe malaria and fatal outcome in non-immune patients, but the causing factors are
largely unknown (Schwartz et al., 2001).

The virulence of Plasmodium falciparum (P. falciparum) is linked to the infected erythrocytes bind-
ing to endothelial cell surface molecules expressed on blood vessel walls. This phenomenon, known
as sequestration, prevents the passage of infected erythrocytes through the spleen, which would
otherwise remove the infected erythrocytes from the circulation and kill the parasite (Saul, 1999).
The membrane proteins mediating sequestration are exposed to the host’s immune system, and
through evolution, P. falciparum parasites have acquired several multi-copy gene families coding for
variant surface antigens, allowing immune escape through extensive sequence polymorphisms.
Endothelial sequestration is mediated by the P. falciparum erythrocyte membrane protein 1
(PFEMP1) family, the members of which have different binding capacities for host vascular tissue
receptors such as CD36, endothelial protein C receptor (EPCR), ICAM-1, PECAM1, receptor for
complement component C1q (gC1gR), and chondroitin sulphate (CSA) (Magallon-Tejada et al.,
2016; Turner et al., 2013; Rowe et al., 2009). The long, variable, extracellular PlEMP1 region
responsible for receptor binding contains a single N-terminal segment (NTS; main classes A, B, and
pam) and a variable number of different Duffy binding-like (DBL; main classes DBLo-{ and pam) and
cysteine-rich inter-domain region domains (CIDR; main classes CIDRo-8 and pam) (Rask et al.,
2010). These domains were initially allocated to subclasses (e.g., the DBL subclasses 1-13); how-
ever, due to frequent recombinations between members of the different subclasses, many of these
are indistinct and poorly defined (Otto et al., 2019).

PfEMP1 molecules have been grouped into four categories (A, B, C, and E) depending on the
type of N-terminal domains (the P/EMP1 'head structure’) as well as the 5’ upstream sequence, the
chromosomal localization, and the direction of transcription of their encoding var gene (Rask et al.,
2010; Kyes et al., 2007, Kraemer and Smith, 2003; Lavstsen et al., 2003). Each parasite possesses
about 60 var genes with approximately the same distribution among the different groups
(Rask et al., 2010). About 20% of PEMP1 variants belong to group A and are typically longer pro-
teins with a head structure containing DBLo1 and either an EPCR-binding CIDRa1 domain or a
CIDRB/y/8 domain of unknown function. Further, the group A includes two conserved, strain-tran-
scendent subfamilies: the var1 subfamily (previously known as varicsa), found in two different var-
iants in the parasite population (3D7- and IT-type) (Otto et al., 2019), and the var3 subfamily, the
shortest var genes with only two extracellularly exposed domains (DBLa1.3 and DBLe8). Groups B
and C include most, about 75%, of PlEMP1 and typically have DBLaO-CIDRo2-6 head structures
binding CD36, followed by a DBL31-CIDRB/y domain combination. A particular subset of B-type pro-
teins, also known as group B/A chimeric genes, possesses a chimeric DBLoO/1 domain (a.k.a.
DBL02) and an EPCR-binding CIDRa1 domain. Thus, the head structure confers mutually exclusive
binding properties either to EPCR and CD36, or to an unknown receptor via the CIDRB/y/3 domains.
C-terminally to the head structure, most group A and some group B and C PfEMP1 have additional
DBL domains, of which specific subsets of DBLB domains of group A and B PfEMP1 bind ICAM-1
(Lennartz et al., 2017; Janes et al., 2011), and another DBLB domain, DBLB12, has been suggested
to bind gC1gR (Magallén-Tejada et al., 2016). The consistent co-occurrence of specific domain

Wichers et al. eLife 2021;10:€69040. DOI: https://doi.org/10.7554/eLife.69040 2 of 30


https://doi.org/10.7554/eLife.69040

e Llfe Research article

Chromosomes and Gene Expression | Microbiology and Infectious Disease

subsets in the same PfEMP1 gave rise to the definition of domain cassettes (DCs) (Otto et al., 2019,
Berger et al., 2013; Rask et al., 2010). The best example of this is the VAR2CSA PfEMP1 (group E,
DC2), which binds placental CSA and causes pregnancy-associated malaria (Salanti et al., 2004).
The VAR2CSA proteins share domain composition, their encoding genes are less diversified than
other var groups, and all parasites possess one or two var2csa copies. Another example is the chime-
ric group B/A PfEMP1, also known as DC8, which includes DBLa2, specific CIDRa1.1/8 subtypes
capable to bind EPCR and typically DBLB12 domains.

Due to the sequence diversity of var genes, studies of var expression in patients have relied on
the analysis of DBLa-expressed sequence tags (EST) (Warimwe et al., 2009; Warimwe et al., 2012)
informing on relative distribution of different var transcripts and qPCR primer sets covering some,
but not all, subsets of DBL and CIDR domains (Lavstsen et al., 2012; Mkumbaye et al., 2017). So
far, only very few studies (Tonkin-Hill et al., 2018; Andrade et al., 2020; Duffy et al., 2016;
Kamaliddin et al., 2019) have used the RNA-seq technology to quantify assembled var transcripts in
vivo. Moreover, most studies have focused on the role of PEMP1 in severe pediatric malaria.
A consensus from these studies is that severe malaria in children is associated with expression of
PEMP1 with EPCR-binding CIDRa1 domains (Jespersen et al., 2016; Kessler et al., 2017,
Storm et al., 2019; Shabani et al., 2017, Mkumbaye et al., 2017, Magallon-Tejada et al., 2016),
but elevated expression of dual EPCR and ICAM-1-binding PfEMP1 (Lennartz et al., 2017) and the
group A-associated DC5 and DCé have also been associated with severe disease outcomes (Magal-
I6n-Tejada et al., 2016; Avril et al., 2013; Avril et al., 2012; Claessens et al., 2012
Lavstsen et al., 2012; Duffy et al., 2019). Less effort has been put into understanding the role of
PfEMP1 in relation to severe disease in adults, and its different symptomatology and higher fatality
rate. Two gene expression studies from regions of unstable transmission in India showed elevated
expression of EPCR-binding variants (DC8, DC13) and DCé (Bernabeu et al., 2016; Subudhi et al.,
2015), and also of transcripts encoding B- and C-type PfEMP1 in severe cases (Subudhi et al.,
2015).

In this study, we applied an improved genome-wide expression profiling approach using RNA-
seq to study gene expression, in particular var gene expression, in P. falciparum parasites from hos-
pitalized adult travellers and combined it with a novel prediction analysis of var transcripts from
DBLa EST. Individuals were clustered into (i) first-time infected (n = 15) and (ii) pre-exposed (n = 17)
individuals on the basis of serological data or into (iii) severe (n = 8) and (iv) non-severe (n = 24)
cases according to medical reports. Our multi-dimensional analysis revealed a clear association of
domain cassettes with EPCR-binding properties with a naive immune status and severe malaria,
whereas CD36-binding PfEMP1 proteins and the conserved var1-3D7 variant were expressed at
higher levels in pre-exposed patients and non-severe cases. Interestingly, severe complications
occurred only in the group of first-time infected patients, who also tended to be infected for a lon-
ger period, indicating that severity of infection in adults is dependent on duration of infection, host
immunity, and parasite virulence gene expression.

Results

Cohort characterization

This study is based on a cohort of 32 adult malaria patients hospitalized in Hamburg, Germany. All
patients had fever, indicative of symptomatic malaria. MSP1 genotyping estimated a low number of
different parasite genotypes present in the patients (Table 1). For 10 patients, the present malaria
episode was their first recorded P. falciparum infection. Nine individuals had previously experienced
malaria episodes according to the medical reports, whereas malaria exposure was unknown for 13
patients. In order to determine if patients already had an immune response to P. falciparum anti-
gens, indicative of previous exposure to malaria, plasma samples were analyzed by a Luminex-based
assay displaying the antigens AMA1, MSP1, and CSP (Supplementary file 1). Immune responses to
AMA1 and MSP1 are known to be long-lasting, and seroconversion to AMA1 is assumed to occur
only after a single or very few infections (Drakeley et al., 2005). Principal component analysis (PCA)
of the Luminex data resulted in separation of the patients into two discrete groups corresponding to
first-time infected adults (‘naive cluster’) and malaria pre-exposed individuals (‘pre-exposed cluster’)
(Figure 1A). The 13 patients with an unknown malaria exposure status could be grouped into either
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First-time infected (naive) Pre-exposed Severe malaria Non-severe malaria

(n = 15) (n=17) (n=28) (n = 24)
Female sex 6 (40%) 3 (18%) 3 (38%) 6 (25%)
[n (%)]
Patient age in years [median (IQR)] 34 (26-53) 38 (31-45) 47 (27-59) 35 (31-46)
Hb g/dl 13.1 (12.1-14.6) 12.2 (11.8-13.1) 12.1 (11.6-13.0) 13.2 (12.0-14.3)
[median (IQR)]*
Parasitaemia % 7.0 (4.0-23.5) 2.0(1.0-3.0) 23.5 (10.0-36.3) 2.5(1.0-3.9)
[median (IQR)]
Number of MSP1 genotypes 1: 10 (66%) 1:12 (71%) 1: 5 (63%) 1:17 (71%)
[n (%)) 2: 1 (7%) 2: 3 (18%) 2: 1 (13%) 2: 3 (13%)
3: 3 (20%) 3:2 (12%) 3:1(13%) 3:4 (17%)
4: 1 (7%) 4: 0 (0%) 4: 1 (13%) 4: 0 (0%)
Total reads 41,341,958 41,259,082 42,458,431 41,050,568
[median (IQR)] (37,804,417-43,659,324) (36,921,362-43,904,892)  (38,520,154-49,561,881)  (36,920,201-44,030,863)
P. falciparum reads 35,940,843 37,065,150 37,980,501 35,559,157
[median (IQR)] (34,099,395-39,090,313) (28,707,096-38,070,441)  (35,195,959-45,563,701)  (29,711,534-37,774,576)
Number of assembled var contigs (>500 bp) 220.5 165.5 292 174
[median (IQR)] (169.3-320.8) (121.3-251.5) (210-404) (121-259)
Parasite age [median (IQR)] 9.4 9.8 8.2 9.8
(8.0-10.3) (8.0-10.6) (8.0-9.8) (8.2-11.4)

Geographic origin of the parasite isolates: Ghana (n = 10), Nigeria (n = 6), other Sub-Saharan African countries (n = 15), unknown (n = 1)

n=21.

the naive or the pre-exposed group defined by the PCA of antigen reactivity. The only outlier in the
clustering was a 19-year-old patient (#21) from Sudan, who reported several malaria episodes during
childhood, but clustered with the malaria-naive patients.

Plasma samples were further subjected to (i) a merozoite-directed antibody-dependent respira-
tory burst (MADRB) assay (Kapelski et al., 2014), (ii) a parasitophorous vacuolar membrane-enclosed
merozoite structure (PEMS)-specific ELISA, and (iii) a protein microarray with 228 P. falciparum anti-
gens (Borrmann, 2020). Analysis of these serological assays in relation to the patient clustering con-
firmed the expected higher and broader antigen recognition by ELISA and protein microarray, and
the stronger ability to induce burst of neutrophils by serum from the group of malaria-pre-exposed
patients (Figure 1B-D, Supplementary file 1). Data from all the serological assays were next used
for an unsupervised random forest machine learning approach to build models predictive of
each individual’s protective status. A multidimensional scaling plot was used to visualize cluster allo-
cation, confirming the classification of patient #21 as being non-immune (Figure 1E). Patient #26,
positioned at the borderline to pre-exposed patients, was grouped into the naive cluster in accor-
dance with the Luminex data and the patient statement that this potentially pre-exposed patient
returned from his first trip to Africa. The calculated variable importance highlighted the relevance of
mADRB, ELISA, and Luminex assays to allocate patients into clusters (Figure 1F).

Using protein microarrays, the antibody response against described antigens was analyzed in
detail. As expected, pre-exposed individuals showed significantly elevated IgG antibody responses
against a broad range of parasite antigens, especially typical parasite blood stage markers, including
MSP1, MSP2, MSP4, MSP10, EBA175, REX1, and AMA1 (Figure 1D, upper panel). Markers for a
recent infection, MSP1, MSP4, GLURP, and ETRAMPS5 (van den Hoogen et al., 2018), were signifi-
cantly elevated in the pre-exposed individuals in comparison to the defined first-time infected
group. In addition, further members of the ETRAMP family, including ETRAMP10, ETRAMP14,
ETRAMP10.2, and ETRAMP4, and also antibodies against pre-erythrocytic antigens, such as CSP,
STARP, and LSA3, were highly elevated. Similar effects were detectable for IgM antibodies; previous
exposure to the malaria parasite led to higher antibody levels (Figure 1D, lower panel).

Eight patients from the malaria-naive group were considered as having severe malaria based on
the predefined criteria. The remaining 24 cases were assigned to the non-severe malaria group
(Figure 1G, Supplementary file 2). Comparing the IgG antibody response of severe and non-severe
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Figure 1. Subgrouping of patients into first-time infected and pre-exposed individuals based on antibody levels against P. falciparum. In order to
further characterize the patient cohort, plasma samples (n = 32) were subjected to Luminex analysis with the Plasmodium falciparum (P. falciparum)
antigens AMAT, MSP1, and CSP, known to induce a strong antibody response in humans. With exception of patient #21, unsupervised clustering of the
PCA-reduced data clearly discriminates between first-time infected (naive) and pre-exposed patients with higher antibody levels against tested P.
falciparum antigens and also assigns plasma samples from patients with an unknown immune status into naive and pre-exposed clusters (A).
Classification of patient #21 into the naive subgroup was confirmed using different serological assays assessing antibody levels against P. falciparum on
different levels: a merozoite-directed antibody-dependent respiratory burst (NADRB) assay (Kapelski et al., 2014) (B), a parasitophorous vacuolar
membrane-enclosed merozoite structure (PEMS)-specific ELISA (C), and a 262-feature protein microarray covering 228 well-known P. falciparum
antigens detecting reactivity with individual antigens, and the antibody breadth of IgG (upper panel) and IgM (lower panel) (D). The boxes represent
medians with IQR; the whiskers depict minimum and maximum values (range), with outliers located outside the whiskers. Serological assays revealed
significant differences between patient groups (Mann-Whitney U test). Reactivity of patient plasma IgG and IgM with individual antigens in the protein
microarray is presented as the volcano plot, highlighting the significant hits in red. Box plots represent antibody breadths by summarizing the number
of recognized antigens out of 262 features tested. Data from all assays were used for an unsupervised random forest approach (E). The variable
importance plot of the random forest model shows the decrease in prediction accuracy if values of a variable are permuted randomly. The decrease in
accuracy was determined for each serological assay, indicating that the mADRB, ELISA, and Luminex assays are most relevant in the prediction of
patient clusters (F). Venn chart showing the patient subgroups used for differential expression analysis (G). Patients with a known immune status based
on medical reports were marked in all plots with filled circles in blue (naive) and grey (pre-exposed), and samples from patients with an unknown
immune status are shown as open circles. Patient #21 is shown as a filled circle in grey with a cross, and patient #26 is represented by an open circle
with a cross. ELISA: enzyme-linked immunosorbent assay; IQR: interquartile range; PCA: principal component analysis.

The online version of this article includes the following figure supplement(s) for figure 1:

Figure supplement 1. Early immune response in mild and severe malaria within the naive patient cluster.
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cases within the previously malaria-naive group, elevated antibody levels were found in the severe
subgroup. The highest fold change was observed for antibodies directed against intracellular pro-
teins, such as DnaJ protein, GTPase-activating protein, or heat shock protein 70 (Figure 1—figure
supplement 1). Interestingly, IgM antibodies against ETRAMP5 were detectable in the severely
infected individuals, suggesting they were infected for a prolonged period of time compared to the
mild malaria population (Helb et al., 2015; van den Hoogen et al., 2018).

RNA-seq transcriptomics

Parasites were isolated from the venous blood of all patients for subsequent transcriptional profiling
(Figure 2A). Transcriptome libraries were sequenced for all 32 patient samples (NCBI BioProject ID:
PRINA679547). The number of trimmed reads ranged between 29,142,684 and 82,000,248 (median:
41,383,289) within the individual libraries derived from patients. The proportion of total reads spe-
cific for P. falciparum was 87.7% (median; IQR 76.7-91.3) for the 30 samples included in the de novo
assembly (Supplementary file 3). Variation in parasite ages — defined as the progression of the intra-
erythrocytic development cycle measured in hours post invasion — in the different patient samples
was analyzed with a mixture model in accordance with Tonkin-Hill et al., 2018, using the published
data from Lopez-Barragan et al., 2011. Parasites from first-time infected and pre-exposed patients
revealed no obvious difference in the proportion of the different parasite stages or in median age
(Table 1, Figure 2—figure supplement 1). However, a small, statistically not significant bias
(p=0.17) towards younger parasites in the severe cases was observed with a median age of 8.2 hours
post infection (hpi) (IQR 8.0-9.8) in comparison to 9.8 hpi in the non-severe cases (IQR 8.2-11.4)
(Table 1, Figure 2—figure supplement 1D). None of the samples revealed high proportions of late
trophozoites (all <3%), schizonts (0%), or gametocytes (all <6%) (Figure 2—figure supplement 1A,
B). The estimated proportions were used to control for differences in parasite stages between sam-
ples by including them as covariates in the regression analysis of differential core gene expression
(Figure 2A, Figure 2—figure supplement 2).

Genome-wide analysis of differential gene expression

Global gene expression analysis according to Tonkin-Hill et al., 2018 identified 420 genes to be
higher and 236 to be lower expressed (p<0.05) in first-time infected patients, together correspond-
ing to 11.3% of all P. falciparum genes (Supplementary file 4). Similarly, 362 genes were signifi-
cantly higher and 219 genes lower expressed in severe cases (Supplementary file 5). A gene set
enrichment analysis (GSEA) of the differentially expressed genes using Gene Ontology (GO) terms
and KEGG pathway annotations showed that the KEGG pathway 03410 ‘base excision repair’ facili-
tating the maintenance of genome integrity by repairing small base lesions in the DNA was
expressed at significantly higher levels in first-time infected patient samples (Figure 2B, Figure 2—
figure supplement 3). In total, six out of 15 P. falciparum genes included in this KEGG pathway
were found to be statistically significantly enriched upon first-time infection, including the putative
endonuclease Ill (PF3D7_0614800) from the short-patch pathway and the putative A-/G-specific ade-
nine glycosylase (PF3D7_1129500), the putative apurinic/apyrimidinic endonuclease Apn1
(PF3D7_1332600), the proliferating cell nuclear antigens 1 (PF3D7_1361900), and the catalytic
(PF3D7_1017000) and small (PF3D7_0308000) subunits from the DNA polymerase delta from the
long-patch pathway (Figure 2C). Additionally, a significantly lower expression level for genes associ-
ated with several GO terms involved in antigenic variation and host cell remodeling was found in
first-time infected patients (Figure 2B, Supplementary file 4) and severe cases (Supplementary file
5).

As variant surface antigens like var, rif, and stevor are largely clone-specific, analysis of reads
from the clinical isolates mapping to homologous regions in 3D7 genes would be distorted and
flawed. Therefore, we analyzed var gene expression first by de novo assembling var genes from the
RNA-seq data and subsequently analyzing the expression of specific var gene subsets according to
the domains encoded. In addition, we manually screened differentially expressed genes known to be
involved in var gene regulation or the correct display of PEMP1 at the host cell surface
(Supplementary file 4, 5).
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Figure 2. Overview of the methodology and differential core gene expression analysis. Summary diagram of the approaches taken to analyze the
differential expression of core and var genes. In principle, all samples were analyzed by sequencing of the RNA using next generation sequencing
(NGS) and by sequencing of expressed sequence tags (EST) from the DBLa domain (A). Gene set enrichment analysis (GSEA) of gene ontology (GO)
terms and KEGG pathways indicate gene sets deregulated in first-time infected malaria patients. GO terms related to antigenic variation and host cell
remodeling are significantly overrepresented in the down-regulated gene set; only the KEGG pathway 03410 'base excision repair’ shows a significant

Figure 2 continued on next page
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Figure 2 continued

up-regulation in malaria-naive patients (B). Log fold changes (logFC) for the 15 Plasmodium falciparum (P. falciparum) genes assigned to the KEGG

pathway 03410 'base excision repair’ are plotted with the six significant hits marked with * p<0.05 and **p<0.01 (C).
The online version of this article includes the following figure supplement(s) for figure 2:

Figure supplement 1. Estimated stage proportions for each sample.

Figure supplement 2. Summary diagram of the approaches taken to analyze the RNA-seq data.
Figure supplement 3. The base excision repair (KEGG:03410) in P. falciparum.

Figure supplement 4. RNA quality.

Differential var gene expression

To correlate individual var genes or common var gene-encoded traits (Figure 3) with a naive immune

status or disease severity, differential var transcript levels were analyzed as in Tonkin-Hill et al.,
2018;Figure 2A, Figure 2—figure supplement 2. Var transcripts were assembled from each patient
sample separately and annotated. In total, 6441 contigs with over 500 bp lengths were generated
with an N50 of 2302 bp and a maximum length of 10,412 bp (Source data 1.). A median of 200 con-
tigs (IQR: 137-279) with lengths >500 bp was assembled per sample. One or more DBL or CIDR
domains could be annotated to 5488 of the contigs, whereas the remaining contigs could only be
annotated by these smaller domain building blocks, the so-called homology blocks as defined by

Rask et al., 2010; Supplementary file 6, 7.

Differential var transcript levels

We first looked for highly similar transcripts present in multiple samples. The Salmon RNA-seq quan-

tification pipeline (Patro et al., 2017), which identifies equivalence classes allowing reads to contrib-

ute to the expression estimates of multiple transcripts, was used to estimate expression levels for

each transcript. Due to the high diversity in var genes, mainly assembled transcripts of the strain-

transcendent variants var1, var2csa, and var3 were found to be differentially expressed. Notably, the

var1-IT variant was expressed at higher levels in parasites from first-time infected patients, whereas

the var1-3D7 variant was expressed at higher levels in parasites from pre-exposed and non-severe

patients (Figure 4A,B, Figure 5A,B, Supplementary file 9, 10). This was confirmed by mapping nor-
malized reads from all patients to both var? variants as well as var2csa (Figure 3—figure supple-
ment 1). Beyond the conserved variants, several var fragments from B- or C-type var genes were
associated with a naive immune status, and three transcripts from A-, DC8-, and B-type var genes as
well as var2csa were linked to severe malaria patients (Figures 4 and 5, Supplementary file 9, 10).

Differential var domain transcript levels

To assess the differential expression of specific var domains, read counts corresponding to domains
with the same classification were calculated. This showed that different EPCR-binding CIDRa1
domain variants and other domains found in DC with CIDRa1 domains were expressed at signifi-
cantly higher levels in first-time infected patients (Figure 4C-E, Supplementary file 9). Specifically,
besides domains from DC8 (DBLa2, CIDRa1.1, DBLB12) and DC13 (DBLa1.7, CIDRa1.4), the
CIDRa1.7 and DBLa1.2 (DC15) domains were increased upon infection of malaria-naive individuals.
The DBLa1.2 domain was, in all of the 32 gene assemblies, flanked by an EPCR-binding CIDRa.1
domain, and 56% of these were a CIDRa1.5 domain (Supplementary file 6, 7). In addition, parasites

from first-time infected patients showed a significantly higher level of transcripts encoding the
CIDR&1 domain of DC16 (DBLw1.5/6-CIDR31/2) and the DBLB6 domain (Figure 4D-E). The DBLB6
domain is associated with A-type var genes and can be found adjacent to DC15 and DC16
(Otto et al., 2019; Supplementary file 6, 7). In general, domains associated with the same domain

cassette showed the same trend even if some domains did not reach statistical significance set at

p<0.05 (Supplementary file 9).

Domains found expressed at lower levels in malaria-naive individuals included group B and C
N-terminal head structure domains NTSB and DBL00.13/22/23, and CD36-binding CIDR domains
(CIDR0i2.8/9,6) as well as the C-terminal CIDRy11 domain and domains of the var1-3D7 variant

(DBLou1.4, DBLY15, DBLe5) (Figure 4C-E).
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Figure 3. Summary of PlEMP1 transcripts, domains, and homology blocks that were found more or less frequently in malaria-naive and severely ill
patients. A schematic presentation of all var gene groups with their associated binding phenotypes and typical PlEMP1 domain compositions. The
N-terminal head structure confers mutually exclusive receptor-binding phenotypes: EPCR (beige: CIDRa1.1/4-8), CD36 (turquoise: CIDRo2-6), CSA
(yellow: VAR2CSA), and yet unknown phenotypes (brown: CIDRB/y/8; dark red: CIDRa1.2/3 from VART, VAR3). Group A includes the conserved
subfamilies VAR1 and VAR3, EPCR-binding variants, and those with unknown binding phenotypes conferred by CIDRB/y/& domains. Group B PlEMP1
can have EPCR-binding capacities, but most variants share a four-domain structure, with group C-type variants capable of CD36 binding. Dual binders
can be found within groups A and B, with a DBLB domain after the first CIDR domain responsible for ICAM-1 (DBLB1/3/5) or gC1qgr binding (DBLB12)
(A). Transcripts, domains, and homology blocks according to Rask et al., 2010 as well as domain predictions from the DBLo-tag approach were found
to be significantly differently expressed (p-value<0.05) between patient groups of both comparisons: first-time infected (blue) versus pre-exposed
(black) cases and severe (red) versus non-severe (black) cases (B). ATS: acidic terminal sequence; CIDR: cysteine-rich interdomain region; CSA:
chondroitin sulphate A; DBL: Duffy binding-like; DC: domain cassette; EPCR: endothelial protein C receptor; gClqgr: receptor for complement

Figure 3 continued on next page
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component C1q; ICAM-1: intercellular adhesion molecule 1; NTS: N-terminal segment; PAM: pregnancy-associated malaria; TM: transmembrane

domain.

The online version of this article includes the following figure supplement(s) for figure 3:

Figure supplement 1. Differential expression of the var1 variants 3D7 and IT and var2csa between patient groups.

When comparing severe to the non-severe cases, domains of DC8 (DBLa:2, CIDRa1.1, DBLB12),
DC15 (DBLw1.2), and DC16 (DBLa1.6) and the A-type-linked DBLB6 were found associated with
severe disease. Domain types expressed at significantly higher levels in non-severe cases included
N-terminal head structure domains, DBL0.23, CIDR2.4/9 from group B and C PEMP1, DC16
(DBLa1.5), and the CIDRa1.3 domain from the var1-3D7 allele (Figure 5C-E, Supplementary file
10).

As DBL and CIDR subclasses are poorly defined (Otto et al., 2019) and different domain sub-
classes confer the same binding phenotype (Higgins and Carrington, 2014), the domains of the
N-terminal head structure were grouped according to their binding phenotype and the normalized
read counts (transcripts per million [TPM]) were summarized for each patient (Figures 4F and
5F). This showed significant differences for domains associated with EPCR- or CD36-binding
PEMP1. As expected, domains associated with EPCR-binding as well as the CIDRy3 domain were
expressed at higher levels in naive and more severe cases, whereas domains associated with the
CD36-binding phenotype were higher expressed in pre-exposed and non-severe patients.

Differential var homology block transcript levels

PfEMP1 domains have been described as composed of 628 homology blocks (Rask et al., 2010).
Homology block expression levels were obtained by aggregating read counts for each block after
first identifying all occurrences of the block within the assembled contigs. Transcripts encoding block
numbers 255, 584, and 614, all typically located within DBLB domains of DC8- and CIDRa.1-contain-
ing type A PfEMP1 (Figure 4G,H, Supplementary file 9), number 557, located in the interdomain
region between DBLB and DBLy domains (no PfEMP1 type association), and block number 155,
found in NTSA, were found associated with a naive immune status. Conversely, transcripts encoding
block number 88 from DBLoO domains and 269 from ATSB were found at lower levels in malaria-
naive patients, indicating that B- and C-type genes are more frequently expressed in pre-exposed
individuals (Figure 4G,H, Supplementary file 9). No homology blocks were associated with severe
cases, but two blocks, 591 and 559, found in group B PfEMP1, were found to be lower expressed in
severe malaria cases (Figure 5G,H, Supplementary file 10).

Var expression profiling by DBLo-tag sequencing

To supplement the RNA-seq analysis with an orthogonal analysis, we conducted deep sequencing of
RT-PCR-amplified DBLo ESTs from 30 of the patient samples (Lavstsen et al., 2012; Figure 2A).
Between 851 and 3368 reads with a median of 1666 over all samples were analyzed. Identical DBLo.-
tag sequences were clustered to generate relative expression levels of each unique var gene tag.
Overall, the relative expression levels were similar for sequences found in both the RNA-seq and the
DBLo-tag approach with a mean log2(DBLo-PCR/RNA-seq) ratio of 0.4 (Cl of 95%: —2.5-3.3) deter-
mined by Bland-Altman plotting (Figure 6—figure supplement 1). Around 82.6% (median) of all
unique DBLo-tag sequences detected with >10 reads (92.9% of all DBLa-tag sequences) were found
in the RNA-seq approach, and 81.8% of the upper 75" percentile of RNA-seq contigs (spanning
across the DBLa-tag region) were found by the DBLa-tag approach.

Using the Varia tool (Mackenzie et al., 2020), the domain composition of the var genes from
which the DBLo-tag sequences originated was predicted. The tool searches an extended varDB
containing >200K annotated var genes for genes with near identical DBLa-tag sequences and
returns the consensus domain annotation among the hit sequences. A partial domain annotation was
made for ~85% of the DBLa-tag sequences (Figure 2A, Supplementary file 11). In line with the
RNA-seq data, this analysis showed that DBLa.1 and DBLai2 sequences were enriched in first-time
infected and severe malaria patients. Conversely, a significant higher proportion of DBLoO sequen-
ces was found in pre-exposed individuals and mild cases (Figure 6A,B). No difference was observed
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Figure 4. Expression differences between parasites from first-time infected and pre-exposed patients at the level of var gene transcripts, domains, and
homology blocks determined by NGS. RNA-seq reads of each patient sample were matched to de novo assembled var contigs with varying lengths,
domains, and homology block compositions. Shown are significantly differently expressed var gene contigs (A, B) as well as PEMP1 domain subfamilies
(C-F) and homology blocks (G, H) from Rask et al., 2010, with an adjusted p-value of <0.05. Data are displayed as heat maps showing expression
Figure 4 continued on next page
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Figure 4 continued

levels either in log-transformed normalized Salmon read counts (A) or in log transcripts per million (TPM) (C, G) for each individual sample. Box plots
show median log-transformed normalized Salmon read counts (B) or TPM (D, F, H) and interquartile range (IQR) for each group of samples. Individual
domains from inter-strain conserved tandem arrangements of domains, so-called domain cassettes (DCs), found significantly higher expressed in
samples from first-time infected (blue arrow) and pre-exposed patients (grey arrow), are indicated in bold (E). The N-terminal head structure (NTS-
DBLo-CIDRo/B/y/8) confers a mutually exclusive binding phenotype either to EPCR-, CD36-, CSA-, or an unknown receptor. Expression values of the
N-terminal domains were summarized for each patient, and differences in the distribution among patient groups were tested using the Mann-Whitney
U test (F). Normalized Salmon read counts for all assembled transcripts and TPM for PEMP1 domains and homology blocks are available in
Supplementary file 8.

in the number of reads or unique DBLa-tags detected between patient groups, although a trend
towards more DBLa-tag clusters was observed in first-time infected patients and severe cases
(Figure 6A,B). Prediction of the NTS and CIDR domains flanking the DBLo. domain showed a signifi-
cantly higher proportion of NTSA in severe cases as well as EPCR-binding CIDRa.1 domains in first-
time infected and severe cases. Expression of var genes encoding NTSB and CIDRa2-6 domains was
significantly associated within pre-exposed and non-severe cases (Figure 6A,B). Subsequent analysis
of var expression in relation to other domains showed that var transcripts with DBLp, vy, and  or
CIDRy domains were more frequently expressed in first-time infected and severe malaria patients
whereas those encoding DBLS and CIDRB were less frequent (Figure 6—figure supplement 2).
Assessing expression in relation to the domain subtype, CIDRa1.1/5, DBLB12, DBLy2/12, DBL02,
DBLa1.2/2, and DBLS5 (together with DBLY12 components of the DC5) were found associated with
severe malaria, while CIDRa3.1/4, DBL00.12/16, and DBL31 were associated with non-severe cases
(Figure 6—figure supplement 2).

Overall, these data corroborate the main observations from the RNA-seq analysis, confirming the
association of EPCR-binding PfEMP1 variants with development of severe malaria symptoms and
CD36-binding PfEMP1 variants with establishment of less severe infections in semi-immune
individuals.

Correlation of var gene expression with antibody levels against head
structure CIDR domains

A detailed analysis of the antibody repertoire of the patients against head structure CIDR domains
of PlEMP1 was carried out using a panel of 19 different EPCR-binding CIDRa1 domains, 12 CD36-
binding CIDRa:2-6 domains, three CIDR§1 domains as well as a single CIDRy3 domain (Obeng-
Adjei et al., 2020; Bachmann et al., 2019). Additionally, the minimal binding region of VAR2CSA
was included. In general, plasma samples from malaria-naive as well as severe cases showed lower
mean fluorescence intensity (MFI) values for all antigens tested in comparison to samples from pre-
exposed or non-severe cases with significant differences for CIDRa2-6, CIDR&1, and CIDRY3, <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>