LONDON
SCHOOLof
HYGIENE
&TROPICAL
MEDICINE

Biochemical and Bioinformatic Characterisation of Understudied
Erythrocyte Surface Expressed Hypervariable Protein Families in
Plasmodium falciparum.

Hristina Chavdarova Vasileva

Thesis submitted in accordance with the requirements for the degree of

Doctor of Philosophy
of the
University of London

January 2025

Department of Infectious Biology
Faculty of Infectious and Tropical Diseases

LONDON SCHOOL OF HYGIENE & TROPICAL MEDICINE

Funded by the Joint Global Health Trials scheme (JGHTS)

(MRC/FCDO/NIRH/Wellcome Trust)

Research group affiliation(s): MRC Unit The Gambia at LSHTM
MATAMAL trial



Declaration

| declare that the work presented in this thesis is my own. Where information has been derived
from other sources, | confirm that this has been indicated within the thesis.

Signature Date: 13.01.2025



Preface

According to the submission guidelines provided by the London School of Hygiene and
Tropical Medicine, this thesis is presented as a “Research Paper Style Thesis.” Three of the
chapters in this thesis contain a total of two papers that are submitted for publication and in pre-
print, and one chapter that is currently being prepared for submission to specific peer-reviewed
journal. Due to the varying requirements of the journals, there may be some repetition of
material and differences in formatting within these chapters. The publication details and
acknowledgements for co-author contributions are provide on cover sheets for each individual
paper. The rest of the thesis consists of additional material which includes two linking chapters

between the research papers, and a background and discussion section to the research project.

All materials within this thesis were written by Hristina Vasileva.



Abstract

Pathogenesis of Plasmodium falciparum (Pf) malaria infection is dependent on parasite and
host factors, and geographic and social factors, causing different clinical outcomes and disease
severity. Parasite virulence is partly caused by evasion of the human host immune system
during the blood stage of infection. Sequestration of parasite infected erythrocytes (IE) through
cytoadherence are characteristic Pf virulence factors, enabled by parasite-derived proteins
expressed on the surface of IEs. These proteins are antigenic and are associated with acquired
immunity to Pf. IE surface-expressed antigens are associated with antigenic variability, called
Variant Surface Antigens (VSAs). RIFIN and STEVOR are VSA protein families encoded
respectively by approximately 180 rif and 40 stevor gene copies per parasite, expressing a single
variant per parasite. Members of each family differ mostly in their hypervariable regions, which
are exposed to the circulation and possess antigenic epitopes. Both variable domains are
associated with Pf exposure and potentially clinical outcome. Seroreactivity and
serorecognition to both protein families are age and exposure dependent, with higher reactivity

in adults and higher domain recognition in individuals with clinical disease.

This study demonstrates the successful expression of isolated domains from two RIFIN and
five STEVOR proteins as recombinant antigens, characterises their antigenicity, and
demonstrates age-dependent immunity acquisition to the recombinants. Furthermore, the study
reports the development of a specific in-silico model for the characterisation of STEVOR
variants into clusters, after exploring other conventional methods for variant grouping. This
model is then used to develop a library of eleven STEVOR variants as recombinant antigens
and to further explore the breadth of antibody responses to the library in Sub-Saharan African
populations, characterised by contrasting endemicity levels: high in Uganda and low in The

Gambia and Guinea-Bissau.



The overall aim of the study was to develop a library of recombinant antigens from one of the
understudied P. falciparum infected erythrocyte hypervariable protein families and explore
their immunological profile in populations with contrasting malaria endemicity levels, aiming

to investigate whether antibodies to these proteins contribute to the infection immunity to Pf.
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Archipelago, Guinea-Bissau; PRISMI1: Serum pool of 40 Ugandan adults with
confirmed Pfinfection and clinical disease; PRISM2: Serum pool of 80 Ugandan all age
individuals with high antibody responses to established Pf markers of exposure; WHO:
WHO 1% international Pf serum from Kenyan adult population. The control serum
selected from this experiment is PRISM1, indicated in red. The last plot of the series
demonstrates the seroreactivity of all recombinants against PRISM1, with color-coded
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was calculated using the median EC50 value from all curves subjected to 4-parameter
logistic regression.

Supplementary Figure 2: Sampling distribution per time of the year for the two sample

time points (2013 and 2016). Sample IDs are displayed on the y-axis Out of all samples
selected for the study indicated in the red rectangles, 74% are paired samples between

the 2013 and 2016 timepoints.

Supplementary Figure 3.1: Control standard curves of PRISM1 from 1/10 down to

1/31250 serum dilution for plates 1 to 5 of Luminex assay for the following antigens:
S1 SC: STEVOR1 SC, S1 V2: STEVORI V2, S6 SC: STEVOR6 SC, S6 V2:

STEVOR6 V2, S5 SC: STEVOR5 SC, R2_SC: RIFIN3_SC.

Supplementary Figures 3.2: Control standard curves of PRISM1 from 1/10 down to

1/31250 serum dilution for plates 1 to 5 of Luminex assay for the following antigens:
R3 V2: RIFIN3 V2, HSP40.Agl, Hyp2, Etramp5.Agl, Etramp4.Ag2, Rh2.203.

Supplementary Figures 3.3: Control standard curves of PRISM1 from 1/10 down to

1/31250 serum dilution for plates 1 to 5 of Luminex assay for the following antigens:
GEXP18, AMA1, MSP1.19, MSP2. Dd2, MSP2, CH150, GLURP.R2.

Supplementary Figures 3.4: Control standard curves of PRISM1 from 1/10 down to

1/31250 serum dilution for plates 1 to 5 of Luminex assay for the following control

recombinants: Tet.tox and GST.

15
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Figure 1: MAFFT multiple alignment of 42-variable domain 3D7 STEVOR sequences
performed using G-INS-I with Smith-Waterman pairwise algorithm and gap extension
penalty for group-to-group variation value of 0.123 according to BIC, displayed using
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according to distance matrix multidimensional scaling applied using A) three k-means
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predicted and displayed in purple, intercellular portions of the protein in blue and
extracellular in orange. Signal peptides, marking the beginning of each protein sequence
are also displayed in purple. All 11 graphics are displayed, and the identification name
of each sequence is displayed above its representative graph.

Supplementary Figure 2: Coomassie Brilliant Blue R-250 stain of 4-15% BioRad

precast Mini-PROTEAN TGX SDS-PAGE gels of A) Molecular weight ladder (L),
Pf3D7 1300900 SC (1), Pf3D7 0832000 SC (2), Pf3D7 0832600 SC (3),
PfGNO1 040031100 V2 (4), PfIT 130077600 V2 (5), PfSNO1 140006300 V2 (6),
PfGNO1 100006100 V2 (7), PfKEO1 10000580 V2 (8), and B) Molecular weight
ladder (L), PfSNO1 030005600 V2  (9), PfHB3 040028900 V2  (10),
PfGAO1 070034600 V2 (1D), PfGNO1 020006800- V2 (12),
PfSNO1 000011500 V2 (13), PfGNO1 130006600 V2 (14).

Supplementary Figure 3: Graphical summary of titration of all 14 recombinants at six-

point eoght-fold dilution from 1000 pg/ml down to 0.0305 pg/ml against five-point two-
fold dilution series of the PRISM positive control serum pool from 1/100 down to
1/1600. The first three graphs, both from A) and first from B) represent the semi-
conserved domain recombinants and the rest, down to G) represent the variable domain
recombinants.

Supplementary Figure 4: Shannon Entropy Index plot representing the level of diversity in

each amino acid position of the STEVOR semi-conserved domain alignment. The higher the
value, the higher the diversity. The black portions represent the highly conserved regions of the
domain. The x-axis represents the amino acid positions of the domain. Legend values represent
the approximate entropy of the different parts of the SC domain.

Supplementary Figure 5: Visualisation of the large variable domain (V2) sequences selected to

be expressed as STEVOR recombinant protein library, shown in red, among the 80 available

plasmids in LSHTM from all 493 V2 amino acid sequences used in the PCA analysis (shown in
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black). The numbers indicate the quadrant number (labelled 1-9) in which each of the library

sequences is positioned, summarised in Table 2.

e Supplementary Figure 6: A graphical representation of a phylogenetic tree of all 493 STEVOR

V2 domain sequences generated on IQtree using JTT+F+G4 model and 1000 bootstrap
replicates, optimised using hill-climbing nearest neighbour interchange (NNI) and visualised
using iTOL: Tree of Life tool. Sequences names are colour coded according to the strain they
belong to, indicated in the legend. Sequences hames with larger fond represent the 11 selected

variants for the recombinant library.

Chapter 6: Description of Study Sites for sample selection for Research
Paper 3: “Breadth of responses to a library of STEVOR recombinant
antigens in populations characterised with different P. falciparum endemicity
levels”. (Linking material)

e Figure 1: Figure adapted from the official site of Apac District, Government of Uganda.
The area in red indicates the borders of the Apac district within Uganda in yellow.

e Figure 2: FIGHTMAL longitudinal cohort study profile with participants per time point
of sampling, intervention type, study eligibility criteria and type of collected samples.

e Figure 3: Map of the demographic division of The Gambia, MASSIV was conducted
in the Upper River region. Figure is adapted from Robello M. et. al (2015), PLOS NTD.

e Figure 4: MASSIV clinical trial study profile with participants per trial arm,
intervention type, study inclusion criteria and collected samples.

e Figure 5: Map of the Bijagos Archipelago of Guinea-Bissau with MATAMAL clusters
marked as stars and landmarks of islands separated into different clusters marked as
lines. Figure is adapted from Hutchins H. ef al. (2023), BMJ Open.

e Figure 6: MATAMAL clinical trial study profile with participants per trial arm,

intervention type, study exclusion criteria and collected samples.
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Chapter 7: Research Paper 3

Figure 1: Percentage seropositive FIGHTMAL samples for baseline (prior to treatment)
(salmon), 6 weeks after ACT treatment (pink) and 16 weeks after ACT treatment (red),
stratified by age-group (< Syears, 5-15 years and > 15 years). Recombinant antigens are
shown on the x-axis. STEVOR antigens with the SC suffix refer to semi-conserved
antigen targets. STEVOR antigens PfGNO1 130006600 — PfGA01 070034600 were
all based on the large hypervariable loop.

Figure 2: Percentage seropositive MASSIV/MATAMAL samples for the Control
(salmon) and Intervention (red) treatment arms, stratified by age-group (< 5 years, 5-15
years and > 15 years). Recombinant antigens are shown on the x-axis. STEVOR
antigens with the SC suffix refer to semi-conserved antigen targets. STEVOR antigens
PfGNO1 130006600 — PfGAO1 070034600 were all based on the large hypervariable
loop.

Figure 3: PF/AMA1 raincloud plots of cleaned MFI data for all A) FIGHTMAL samples
and all B) MASSIV/IMATAMAL samples. Scatter plots represent each individual
sample, boxplots represent mean plus standard deviation of the data and the cloud
represents the background shape of the data. Data is colour coded per A) Timepoint of
sampling and B) Treatment arm. Dashed line represents the seropositivity threshold

calculated using mean negative MFI plus three standard deviations. All samples above the

dashed line are perceived seropositive to the antigen.

Figure 4: STEVOR1 _SC raincloud plots of cleaned MFI data for all A) FIGHTMAL
samples and all B) MASSIV/MATAMAL samples. Scatter plots represent each
individual sample, boxplots represent mean plus standard deviation of the data and the
cloud represents the background shape of the data. Data is colour coded per A)

Timepoint of sampling and B) Treatment arm. Dashed line represents the seropositivity
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threshold calculated using mean negative MFI plus three standard deviations. All samples above

the dashed line are perceived seropositive to the antigen.

Figure 5: PfGAO1 070034600 raincloud plots of cleaned MFI data for all A)
FIGHTMAL samples and all B) MASSIV/MATAMAL samples. Scatter plots represent
each individual sample, boxplots represent mean plus standard deviation of the data and
the cloud represents the background shape of the data. Data is colour coded per A)
Timepoint of sampling and B) Treatment arm. Dashed line represents the seropositivity

threshold calculated using mean negative MFI plus three standard deviations. All samples above

the dashed line are perceived seropositive to the antigen.

Figure 6: FIGHTMAL population (n=1,084) prevalence of the breadth of antibody
responses to the STEVOR V2 recombinant antigens according to four categories (1-3,
4-6, 7-9, and 10-11 recombinant antigens). Breadth of responses prevalence is stratified
by age group (< 5 years, 5-15 years and > 15 years) and sampling timepoint: Baseline
(grey), 6 weeks post treatment (light purple) and 16 weeks post treatment (dark purple),
indicated in the legend.

Figure 7: MASSIV/IMATAMAL population (n=1,209) prevalence of breadth of
antibody responses to the STEVOR V2 recombinant antigens according to four
categories (1-3, 4-6, 7-9, and 10-11 recombinant antigens). Breadth of responses
prevalence 1is stratified by age group (< 5 years, 5-15 years and > 15 years) and
intervention arms: Control (grey) and Intervention (purple), indicated in the legend.

Supplementary Figure 1.1: P/MSP1.19 raincloud plots of cleaned MFI data for all A)

FIGHTMAL samples and all B) MASSIV/MATAMAL samples. Scatter plots represent
each individual sample, boxplots represent mean plus standard deviation of the data and
the cloud represents the background shape of the data. Data is colour coded per A)

Timepoint of sampling and B) Treatment arm. Dashed line represents the seropositivity
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threshold calculated using mean negative MFI plus three standard deviations. All samples above

the dashed line are perceived seropositive to the antigen.

Supplementary Figure 1.2: Etramp5.Ag] raincloud plots of cleaned MFI data for all

A) FIGHTMAL samples and all B) MASSIV/MATAMAL samples. Scatter plots
represent each individual sample, boxplots represent mean plus standard deviation of
the data and the cloud represents the background shape of the data. Data is colour coded
per A) Timepoint of sampling and B) Treatment arm. Dashed line represents the

seropositivity threshold calculated using mean negative MFI plus three standard deviations. All

samples above the dashed line are perceived seropositive to the antigen.

Supplementary Figure 1.3: CSP raincloud plots of cleaned MFI data for all A)

FIGHTMAL samples and all B) MASSIV/MATAMAL samples. Scatter plots represent
each individual sample, boxplots represent mean plus standard deviation of the data and
the cloud represents the background shape of the data. Data is colour coded per A)
Timepoint of sampling and B) Treatment arm. Dashed line represents the seropositivity

threshold calculated using mean negative MFI plus three standard deviations. All samples above

the dashed line are perceived seropositive to the antigen.

Supplementary Figure 1.4: HSP40.Agl raincloud plots of cleaned MFI data for all A)

FIGHTMAL samples and all B) MASSIV/MATAMAL samples. Scatter plots represent
each individual sample, boxplots represent mean plus standard deviation of the data and
the cloud represents the background shape of the data. Data is colour coded per A)
Timepoint of sampling and B) Treatment arm. Dashed line represents the seropositivity

threshold calculated using mean negative MFI plus three standard deviations. All samples above

the dashed line are perceived seropositive to the antigen.

Supplementary Figure 1.5: Rh5.1 raincloud plots of cleaned MFI data for all A)

FIGHTMAL samples and all B) MASSIV/MATAMAL samples. Scatter plots represent

each individual sample, boxplots represent mean plus standard deviation of the data and
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the cloud represents the background shape of the data. Data is colour coded per A)
Timepoint of sampling and B) Treatment arm. Dashed line represents the seropositivity

threshold calculated using mean negative MFI plus three standard deviations. All samples above

the dashed line are perceived seropositive to the antigen.

Supplementary Figure 1.6: STEVORS SC raincloud plots of cleaned MFI data for all

A) FIGHTMAL samples and all B) MASSIV/MATAMAL samples. Scatter plots
represent each individual sample, boxplots represent mean plus standard deviation of
the data and the cloud represents the background shape of the data. Data is colour coded
per A) Timepoint of sampling and B) Treatment arm. Dashed line represents the

seropositivity threshold calculated using mean negative MFI plus three standard deviations. All

samples above the dashed line are perceived seropositive to the antigen.

Supplementary Figure 1.7: STEVOR6_SC raincloud plots of cleaned MFI data for all

A) FIGHTMAL samples and all B) MASSIV/MATAMAL samples. Scatter plots
represent each individual sample, boxplots represent mean plus standard deviation of
the data and the cloud represents the background shape of the data. Data is colour coded
per A) Timepoint of sampling and B) Treatment arm. Dashed line represents the

seropositivity threshold calculated using mean negative MFI plus three standard deviations. All

samples above the dashed line are perceived seropositive to the antigen.

Supplementary Figure 1.8: P/GNO1 130006600 raincloud plots of cleaned MFI data

for all A) FIGHTMAL samples and all B) MASSIV/MATAMAL samples. Scatter plots
represent each individual sample, boxplots represent mean plus standard deviation of
the data and the cloud represents the background shape of the data. Data is colour coded
per A) Timepoint of sampling and B) Treatment arm. Dashed line represents the

seropositivity threshold calculated using mean negative MFI plus three standard deviations. All

samples above the dashed line are perceived seropositive to the antigen.
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Supplementary Figure 1.9: P/GNO1 100006100 raincloud plots of cleaned MFI data

for all A) FIGHTMAL samples and all B) MASSIV/MATAMAL samples. Scatter plots
represent each individual sample, boxplots represent mean plus standard deviation of
the data and the cloud represents the background shape of the data. Data is colour coded
per A) Timepoint of sampling and B) Treatment arm. Dashed line represents the

seropositivity threshold calculated using mean negative MFI plus three standard deviations. All

samples above the dashed line are perceived seropositive to the antigen.

Supplementary Figure 1.10: P/GN01 020006800 raincloud plots of cleaned MFI data

for all A) FIGHTMAL samples and all B) MASSIV/MATAMAL samples. Scatter plots
represent each individual sample, boxplots represent mean plus standard deviation of
the data and the cloud represents the background shape of the data. Data is colour coded
per A) Timepoint of sampling and B) Treatment arm. Dashed line represents the

seropositivity threshold calculated using mean negative MFI plus three standard deviations. All

samples above the dashed line are perceived seropositive to the antigen.

Supplementary Figure 1.11: PGN0O1 040031100 raincloud plots of cleaned MFI data

for all A) FIGHTMAL samples and all B) MASSIV/MATAMAL samples. Scatter plots
represent each individual sample, boxplots represent mean plus standard deviation of
the data and the cloud represents the background shape of the data. Data is colour coded
per A) Timepoint of sampling and B) Treatment arm. Dashed line represents the

seropositivity threshold calculated using mean negative MFI plus three standard deviations. All

samples above the dashed line are perceived seropositive to the antigen.

Supplementary Figure 1.12: P/SNO1_ 000011500 raincloud plots of cleaned MFI data

for all A) FIGHTMAL samples and all B) MASSIV/MATAMAL samples. Scatter plots
represent each individual sample, boxplots represent mean plus standard deviation of
the data and the cloud represents the background shape of the data. Data is colour coded
per A) Timepoint of sampling and B) Treatment arm. Dashed line represents the
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seropositivity threshold calculated using mean negative MFI plus three standard deviations. All

samples above the dashed line are perceived seropositive to the antigen.

Supplementary Figure 1.13: P/SNO1 140006300 raincloud plots of cleaned MFI data

for all A) FIGHTMAL samples and all B) MASSIV/MATAMAL samples. Scatter plots
represent each individual sample, boxplots represent mean plus standard deviation of
the data and the cloud represents the background shape of the data. Data is colour coded
per A) Timepoint of sampling and B) Treatment arm. Dashed line represents the

seropositivity threshold calculated using mean negative MFI plus three standard deviations. All

samples above the dashed line are perceived seropositive to the antigen.

Supplementary Figure 1.14: P/SNO1 030005600 raincloud plots of cleaned MFI data

for all A) FIGHTMAL samples and all B) MASSIV/MATAMAL samples. Scatter plots
represent each individual sample, boxplots represent mean plus standard deviation of
the data and the cloud represents the background shape of the data. Data is colour coded
per A) Timepoint of sampling and B) Treatment arm. Dashed line represents the

seropositivity threshold calculated using mean negative MFI plus three standard deviations. All

samples above the dashed line are perceived seropositive to the antigen.

Supplementary Figure 1.15: P/KEO1 100005800 raincloud plots of cleaned MFI data

for all A) FIGHTMAL samples and all B) MASSIV/MATAMAL samples. Scatter plots
represent each individual sample, boxplots represent mean plus standard deviation of
the data and the cloud represents the background shape of the data. Data is colour coded
per A) Timepoint of sampling and B) Treatment arm. Dashed line represents the

seropositivity threshold calculated using mean negative MFI plus three standard deviations. All

samples above the dashed line are perceived seropositive to the antigen.

Supplementary Figure 1.16: P/IT 130077600 raincloud plots of cleaned MFI data for

all A) FIGHTMAL samples and all B) MASSIV/MATAMAL samples. Scatter plots

represent each individual sample, boxplots represent mean plus standard deviation of
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the data and the cloud represents the background shape of the data. Data is colour coded
per A) Timepoint of sampling and B) Treatment arm. Dashed line represents the

seropositivity threshold calculated using mean negative MFI plus three standard deviations. All

samples above the dashed line are perceived seropositive to the antigen.

Supplementary Figure 1.17: P/HB3 040028900 raincloud plots of cleaned MFI data

for all A) FIGHTMAL samples and all B) MASSIV/MATAMAL samples. Scatter plots
represent each individual sample, boxplots represent mean plus standard deviation of
the data and the cloud represents the background shape of the data. Data is colour coded
per A) Timepoint of sampling and B) Treatment arm. Dashed line represents the

seropositivity threshold calculated using mean negative MFI plus three standard deviations. All

samples above the dashed line are perceived seropositive to the antigen.

Supplementary Figure 1.18: Tetanus.toxoid raincloud plots of cleaned MFI data for

all A) FIGHTMAL samples and all B) MASSIV/MATAMAL samples. Scatter plots
represent each individual sample, boxplots represent mean plus standard deviation of
the data and the cloud represents the background shape of the data. Data is colour coded
per A) Timepoint of sampling and B) Treatment arm. Dashed line represents the

seropositivity threshold calculated using mean negative MFI plus three standard deviations. All

samples above the dashed line are perceived seropositive to the antigen.

Supplementary Figure 2: FIGHTMAL population prevalence of the breadth of

antibody responses to the STEVOR V2 recombinant antigens according to five
categories (0, 1-3, 4-6, 7-9, and 10-11 recombinant antigens). Breadth of responses
prevalence is stratified by age group (<5 years, 5-15 years and > 15 years) and sampling
timepoint: Baseline (grey), 6 weeks post treatment (light purple) and 16 weeks post
treatment (dark purple), indicated in the legend. Dashed line represents the seropositivity

threshold calculated using mean negative MFI plus three standard deviations. All samples above

the dashed line are perceived seropositive to the antigen.
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Supplementary Figure 3: MASSIV/MATAMAL pool population prevalence of

breadth of antibody responses to the STEVOR V2 recombinant antigens according to
five categories (0, 1-3, 4-6, 7-9, and 10-11 recombinant antigens). Breadth of responses
prevalence 1is stratified by age group (< 5 years, 5-15 years and > 15 years) and
intervention arms: Control (grey) and Intervention (purple), indicated in the legend.

Supplementary Figure 4: Percentage seropositive MASSIV versus MATAMAL

samples for the Control (light green and light blue, respectively) and Intervention (green
and blue, respectively) treatment arms, stratified by age-group (< 5 years, 5-15 years
and > 15 years). Recombinant antigens are shown on the x-axis. STEVOR antigens with
the SC suffix refer to semi-conserved antigen targets. STEVOR antigens
PfGNO1_ 130006600 — PfGAO1 070034600 were all based on the large hypervariable
loop. There was weak evidence for significant differences of seropositivity values
between MASSIV and MATAMAL with a p-value of 0.03 according to Man-Whitney
non-parametric test.

Supplementary Figure 5.1: PF/AMALI raincloud plots of cleaned MFI data for A)

MASSIV samples and B) MATAMAL samples. Scatter plots represent each individual
sample, boxplots represent mean plus standard deviation of the data and the cloud
represents the background shape of the data. Data is colour coded per treatment arm.
Dashed line represents the seropositivity threshold calculated using mean negative MFI
plus three standard deviations. P-values represent the Man-Whitney non-parametric test
for statistical differences.

Supplementary Figure 5.2: PMSP1.19 raincloud plots of cleaned MFI data for A)

MASSIV samples and B) MATAMAL samples. Scatter plots represent each individual
sample, boxplots represent mean plus standard deviation of the data and the cloud
represents the background shape of the data. Data is colour coded per treatment arm.

Dashed line represents the seropositivity threshold calculated using mean negative MFI
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plus three standard deviations. P-values represent the Man-Whitney non-parametric test
for statistical differences.

Supplementary Figure 5.3: P/Etramp5.Ag]1 raincloud plots of cleaned MFI data for A)

MASSIV samples and B) MATAMAL samples. Scatter plots represent each individual
sample, boxplots represent mean plus standard deviation of the data and the cloud
represents the background shape of the data. Data is colour coded per treatment arm.
Dashed line represents the seropositivity threshold calculated using mean negative MFI
plus three standard deviations. P-values represent the Man-Whitney non-parametric test
for statistical differences.

Supplementary Figure 5.4: PfCSP raincloud plots of cleaned MFI data for A)

MASSIV samples and B) MATAMAL samples. Scatter plots represent each individual
sample, boxplots represent mean plus standard deviation of the data and the cloud
represents the background shape of the data. Data is colour coded per treatment arm.
Dashed line represents the seropositivity threshold calculated using mean negative MFI
plus three standard deviations. P-values represent the Man-Whitney non-parametric test
for statistical differences.

Supplementary Figure 5.5: P/HSP40.Ag1 raincloud plots of cleaned MFI data for A)

MASSIV samples and B) MATAMAL samples. Scatter plots represent each individual
sample, boxplots represent mean plus standard deviation of the data and the cloud
represents the background shape of the data. Data is colour coded per treatment arm.
Dashed line represents the seropositivity threshold calculated using mean negative MFI
plus three standard deviations. P-values represent the Man-Whitney non-parametric test
for statistical differences.

Supplementary Figure 5.6: PfRh5.1 raincloud plots of cleaned MFI data for A)

MASSIV samples and B) MATAMAL samples. Scatter plots represent each individual

sample, boxplots represent mean plus standard deviation of the data and the cloud
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represents the background shape of the data. Data is colour coded per treatment arm.
Dashed line represents the seropositivity threshold calculated using mean negative MFI
plus three standard deviations. P-values represent the Man-Whitney non-parametric test
for statistical differences.

Supplementary Figure 5.7: STEVOR1 SC raincloud plots of cleaned MFI data for A)

MASSIV samples and B) MATAMAL samples. Scatter plots represent each individual
sample, boxplots represent mean plus standard deviation of the data and the cloud
represents the background shape of the data. Data is colour coded per treatment arm.
Dashed line represents the seropositivity threshold calculated using mean negative MFI
plus three standard deviations. P-values represent the Man-Whitney non-parametric test
for statistical differences.

Supplementary Figure 5.8: STEVORS5_SC raincloud plots of cleaned MFI data for A)

MASSIV samples and B) MATAMAL samples. Scatter plots represent each individual
sample, boxplots represent mean plus standard deviation of the data and the cloud
represents the background shape of the data. Data is colour coded per treatment arm.
Dashed line represents the seropositivity threshold calculated using mean negative MFI
plus three standard deviations. P-values represent the Man-Whitney non-parametric test
for statistical differences.

Supplementary Figure 5.9: STEVOR6_SC raincloud plots of cleaned MFI data for A)

MASSIV samples and B) MATAMAL samples. Scatter plots represent each individual
sample, boxplots represent mean plus standard deviation of the data and the cloud
represents the background shape of the data. Data is colour coded per treatment arm.
Dashed line represents the seropositivity threshold calculated using mean negative MFI
plus three standard deviations. P-values represent the Man-Whitney non-parametric test

for statistical differences.
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Supplementary Figure 5.10: P/GA01 070034600 raincloud plots of cleaned MFI data

for A) MASSIV samples and B) MATAMAL samples. Scatter plots represent each
individual sample, boxplots represent mean plus standard deviation of the data and the
cloud represents the background shape of the data. Data is colour coded per treatment
arm. Dashed line represents the seropositivity threshold calculated using mean negative
MFI plus three standard deviations. P-values represent the Man-Whitney non-
parametric test for statistical differences.

Supplementary Figure 5.11: P/GNO1 130006600 raincloud plots of cleaned MFI data

for A) MASSIV samples and B) MATAMAL samples. Scatter plots represent each
individual sample, boxplots represent mean plus standard deviation of the data and the
cloud represents the background shape of the data. Data is colour coded per treatment
arm. Dashed line represents the seropositivity threshold calculated using mean negative
MFI plus three standard deviations. P-values represent the Man-Whitney non-
parametric test for statistical differences.

Supplementary Figure 5.12: PAGNO1 100006100 raincloud plots of cleaned MFI data

for A) MASSIV samples and B) MATAMAL samples. Scatter plots represent each
individual sample, boxplots represent mean plus standard deviation of the data and the
cloud represents the background shape of the data. Data is colour coded per treatment
arm. Dashed line represents the seropositivity threshold calculated using mean negative
MFI plus three standard deviations. P-values represent the Man-Whitney non-
parametric test for statistical differences.

Supplementary Figure 5.13: P/GNO1_ 020006800 raincloud plots of cleaned MFI data

for A) MASSIV samples and B) MATAMAL samples. Scatter plots represent each
individual sample, boxplots represent mean plus standard deviation of the data and the
cloud represents the background shape of the data. Data is colour coded per treatment

arm. Dashed line represents the seropositivity threshold calculated using mean negative
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MFI plus three standard deviations. P-values represent the Man-Whitney non-
parametric test for statistical differences.

Supplementary Figure 5.14: PAGNO1 040031100 raincloud plots of cleaned MFI data

for A) MASSIV samples and B) MATAMAL samples. Scatter plots represent each
individual sample, boxplots represent mean plus standard deviation of the data and the
cloud represents the background shape of the data. Data is colour coded per treatment
arm. Dashed line represents the seropositivity threshold calculated using mean negative
MFI plus three standard deviations. P-values represent the Man-Whitney non-
parametric test for statistical differences.

Supplementary Figure 5.15: PfHB3 040028900 raincloud plots of cleaned MFI data

for A) MASSIV samples and B) MATAMAL samples. Scatter plots represent each
individual sample, boxplots represent mean plus standard deviation of the data and the
cloud represents the background shape of the data. Data is colour coded per treatment
arm. Dashed line represents the seropositivity threshold calculated using mean negative
MFI plus three standard deviations. P-values represent the Man-Whitney non-
parametric test for statistical differences.

Supplementary Figure 5.16: P/IT 130077600 raincloud plots of cleaned MFI data for

A) MASSIV samples and B) MATAMAL samples. Scatter plots represent each
individual sample, boxplots represent mean plus standard deviation of the data and the
cloud represents the background shape of the data. Data is colour coded per treatment
arm. Dashed line represents the seropositivity threshold calculated using mean negative
MFI plus three standard deviations. P-values represent the Man-Whitney non-
parametric test for statistical differences.

Supplementary Figure 5.17: P/KEO1 100005800 raincloud plots of cleaned MFI data

for A) MASSIV samples and B) MATAMAL samples. Scatter plots represent each

individual sample, boxplots represent mean plus standard deviation of the data and the
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cloud represents the background shape of the data. Data is colour coded per treatment
arm. Dashed line represents the seropositivity threshold calculated using mean negative
MFI plus three standard deviations. P-values represent the Man-Whitney non-
parametric test for statistical differences.

Supplementary Figure 5.18: P/SNO1 000011500 raincloud plots of cleaned MFI data

for A) MASSIV samples and B) MATAMAL samples. Scatter plots represent each
individual sample, boxplots represent mean plus standard deviation of the data and the
cloud represents the background shape of the data. Data is colour coded per treatment
arm. Dashed line represents the seropositivity threshold calculated using mean negative
MFI plus three standard deviations. P-values represent the Man-Whitney non-
parametric test for statistical differences,

Supplementary Figure 5.19: P/SNO1 140006300 raincloud plots of cleaned MFI data

for A) MASSIV samples and B) MATAMAL samples. Scatter plots represent each
individual sample, boxplots represent mean plus standard deviation of the data and the
cloud represents the background shape of the data. Data is colour coded per treatment
arm. Dashed line represents the seropositivity threshold calculated using mean negative
MFI plus three standard deviations. P-values represent the Man-Whitney non-
parametric test for statistical differences.

Supplementary Figure 5.20: P/SNO1 030005600 raincloud plots of cleaned MFI data

for A) MASSIV samples and B) MATAMAL samples. Scatter plots represent each
individual sample, boxplots represent mean plus standard deviation of the data and the
cloud represents the background shape of the data. Data is colour coded per treatment
arm. Dashed line represents the seropositivity threshold calculated using mean negative
MFI plus three standard deviations. P-values represent the Man-Whitney non-

parametric test for statistical differences.
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Supplementary Figure 5.21: Tetanus toxoid raincloud plots of cleaned MFI data for

A) MASSIV samples and B) MATAMAL samples. Scatter plots represent each
individual sample, boxplots represent mean plus standard deviation of the data and the
cloud represents the background shape of the data. Data is colour coded per treatment
arm. Dashed line represents the seropositivity threshold calculated using mean negative
MFI plus three standard deviations. P-values represent the Man-Whitney non-

parametric test for statistical differences.
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Chapter 1: Background

1.1 Malaria: History, Burden, Diagnosis and Prevention

Malaria is a disease caused by an infection with the Plasmodium parasites species, transmitted
human to human via the bite of an infected pregnant female Anopheles mosquito (1). Out of all
172 recognised species of Plasmodium, only six are known to regularly cause disease in
humans. These include P. falciparum, P. vivax, P. knowlesi, P. malariae and two P. ovale (P.o.

curtisi and P.o.wallikeri) species (2),(3).

Malaria is an ancient disease, dating back to 3200 BC, as evidenced by the malarial antigens
detected in Egyptian mummy remains (4),(5). Following the miasma theory, which associated
the disease with swamps, the name “malaria” originates from Italian: 'mal‘aria’, meaning “bad
air” (6),(7). Historically, malaria has been a global problem, suggested that it arrived in Rome
during the first century AD and subsequently spread throughout Europe, marking a significant
turning point in European history (8). In the United States of America, malaria claimed more
lives during World War 11 then the war itself and led to the foundation of the Centre for Diseases
Control and Prevention (CDC) in 1946 (9),(10). Thanks to CDC's National Malaria Eradication
Program and the extensive use of the pesticide Dichlorodiphenyltrichloroethane (DDT), the
USA was declared malaria-free in 1951 (11). In 1975, Europe was declared malaria-free for the
first time, as a result of the World Health Organisation (WHO) Global Malaria Eradication
programme. However, the reintroduction of the disease due to political and commercial reasons
led to Europe being declared malaria-free again in 2015 (12). In India and China, social factors,
such as population growth and migration to more tropical, southern zones, have contributed to
a significant burden of vector-borne diseases, including malaria (9). Despite malaria affecting
people globally, Africa is the geographical region most strongly associated with the disease,

shaping the continent's history and evolution (9). The high prevalence of the disease led to the
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selection for the sickle cell trait in vast majority of the African population, which has been
proven to be protective against malaria (13),(14). Moreover, historically, malaria has been
reported as the biggest obstacle in colonisation of African countries, earning the colonial-era

term "The White Man's Grave" by the 18th century (15).

The Global Malaria Eradication programme had a huge impact in reducing the incidence and
transmission of malaria globally between the 1900s and early 2000s, reducing the malaria
distribution from 53% to 27% of the global land surface (16). In terms of population at risk,
there has been a substantial decrease in the global population at risk of all-cause malaria from
77% to an estimated 48% in the 21st century (17). Despite the observed reduction of malaria
cases between 2000 and 2015 due to malaria control strategies, there has been a significant
increase in malaria cases since 2016 due to several factors such as the rise of drug-resistant
parasites and insecticide resistant vectors (18). According to the 2023 WHO World Malaria
Report, there were approximately 249 million cases of malaria reported in 84 malaria endemic
countries and an estimated 608 thousand deaths in 2022, with 94% of those cases reported in
Sub-Saharan Africa (19). This marks an increase of five million cases per year since 2021,
mostly accounted by artemisinin-combination therapy (ACT) resistance (19). Difficult socio-
economic conditions, political conflicts, humanitarian disasters, population stigmatism and
climate change in Sub-Saharan Africa have also greatly impacted the success of malaria
intervention campaigns (20),(21). Additionally, the disruption of malaria case management due
to SARS-CoV-2/COVID-19 pandemic delayed intervention campaigns and reduced access to

adequate treatment, estimated to result in an additional 13.4 million cases (19).

More than 95% of malaria mortality is caused by an infection with Plasmodium falciparum,
which is also the predominant malarial species found in Sub-Saharan Africa (19). The
Plasmodium falciparum parasite life cycle is rather complex, taking place in two phases; the

sexual stage which occurs in the mosquito host, and the asexual stage in the human host (22).
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The discovery of the Plasmodium parasite began in 1880, when Charles Louis Alphonse
Laveran discovered the first protozoan and linked it with the disease, due to the observation of
pigmented protozoa found in red blood cells (RBCs) from patients with the disease but absent
in healthy individuals (23). These observations were further confirmed by the work of the
Italians, Golgi and Marchiafava, who observed the amoeboid movement of the organism and
proved that it infects red blood cells, grows, and reproduces, further infecting fresh red blood
cells (24). The discovery of the sexual stage of the Plasmodium parasite came later, first in 1897
by the Canadian medical student William MacCallum, who observed flagellated bodies fusing
with non-motile bodies to form a vermicule, now referred to an ookinete (25). In the same year,
these observations were confirmed by Patrick Manson's student Ronald Ross, who found the
malaria pigment in Anopheles mosquitoes and further observed that the parasite can grow in
the mosquitoes (26). Building on these investigations, the work of Ross, Laveran, MacCallum
and the Italians led to the discovery of the malarial parasite transmission to humans via a vector
in the face of Anopheles mosquitoes. The gathered evidence, summarising those experiments
and investigations between the years of 1884 and 1897 is known as 'The mosquito-malaria
doctrine' (7). Another breakthrough of great importance is the discovery of the Plasmodium
parasite culture in human erythrocytes, the culturing of sexual stage parasites, and cultivation
of the liver stages by W. Trager and J. Jensen in 1976, which provided the platform to study the
development of parasites, parasite genetics, and important molecular pathways without using
animal models (27). Finally in 2002, the first P. falciparum clone 3D7 complete genome was

sequenced, marking the final stage of the discovery of Plasmodium falciparum (28).

As illustrated in Figure 1, the P. falciparum life cycle begins with the entry of small number of
sporozoites injected into the human host along with saliva of a female Anopheles mosquito
during blood feeding. The sporozoites then travel through the bloodstream to the liver, where

they invade the hepatocytes, replicate asexually, forming a schizont, known as the liver stage
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of the infection. After approximately 7 days, the schizont ruptures, releasing tens of thousands
merozoites that enter the peripheral blood system, known as the infectious stage. Merozoites
infect red blood cells, initiating a second asexual replicating cycle, known as the blood stage.
Over 48 hours, the ring parasites undergo maturation to trophozoites, followed by replication
into merozoites and subsequent formation of schizonts, known as schizogony. Further, the
RBCs rupture, releasing the merozoites which are then ready to infect uninfected RBCs. During
each blood stage cycle, about 0.1% to 5% of the merozoites, termed gametocyte-committed
merozoites differentiate into male and female gametocytes which enter the extravascular space
of the bone marrow for maturation and gametocytogenesis. Some of the factors contributing to
sexual differentiation of merozoites are parasitaemia, human host body temperature and the
expression and upregulation of gametocyte development protein 1 (GDV1) (29). When a
pregnant female Anopheles mosquito takes up a blood meal and ingests the gametocytes, they
mature into gametes and travel to the mosquito midgut (30),(31). There, the male and female
gametocytes develop into flagellated microgametes and a macrogamete, respectively, further
fertilising, and resulting in a zygote, the sexual stage of the parasite cycle. The zygote undergoes
meiosis and leaves the gut, becomes an oocyte, and asexually replicates forming sporozoites.
Upon rupturing the oocyst, the sporozoites are released and travel to the salivary glands of the

mosquito, ready to be injected into the human host again (11),(31).
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Figure 1: Plasmodium falciparum life cycle. Illustration of the complete P. falciparum life cycle,
highlighting the stages in the human host, and the mosquito vector (31). Figure taken from Maier et al.

(2019)

The disease clinically presents with a variety of symptoms and degrees of severity, ranging
from mild and asymptomatic to severe disease and death (11). In terms of clinical malaria, the
most common symptoms include fever, chills, sweats, headaches, body aches, and general
malaise (11). Children under 5 years of age, pregnant women, immunosuppressed individuals,
and those exposed to the infection for the first time are at higher risk of developing severe
malaria (32),(33),(34). School-age children of age five to fifteen years bear the highest burden
of asymptomatic malaria irrespective of the infection exposure level, and make up almost 50%
of the population at risk of malaria (35). The clinical outcome of the infection is complex and
depends not only on host factors such as immunity, genetics, age, and pregnancy, but also on
parasitic factors, as well as socio-economic status of the infected individuals. Some pathogenic

factors are related to drug resistance, rate of multiplication, alterations of red blood cells, and
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antigenic polymorphism (36). Clinical findings must be confirmed using one or more laboratory
tests. These include the gold standard method of light microscopy of Giemsa-stained blood
slides for detecting the presence of parasites in patients’ blood. However, this method is highly
dependent on professional expertise, as well as the physical presence of the Giemsa staining
chemicals, which are rarely available in Sub-Saharan Africa. Moreover, the sensitivity of the
method is not ideal, and a negative blood slide in presence of clinical symptoms does not
necessarily indicate the absence of infection (37). Other malaria laboratory measures include
direct methods, such as measuring parasitic nuclear acids, a technique also known as
Polymerase Chain Reaction (PCR). This method is regarded as more sensitive and specific than
all other conventional methods, with detection levels lower than one parasite copy per microlitre
(38). However, it is time-consuming and reliant on laboratory expertise and equipment, and is
usually used for the confirmation of microscopy results (37),(39). Other typical methods are the
indirect measures of infection, such as the detection of antibodies to specific parasitic antigens
in the blood of clinical patients and/or asymptomatic individuals (33). Rapid Diagnostic Tests
(RDTSs) are immunochromatographic tests for the detection of malarial antigens in blood and
are currently the WHO-recommended first choice of tests to be used in the field in malaria-
endemic areas due to their feasibility, accessibility, and speed (40). Although RDTSs can be
performed in the field without any specific expertise and equipment, they have shown to have
relatively low sensitivity resulting in potential false-negative results due to gene deletion targets
found in P. falciparum isolates (41). The P. falciparum histidine-rich protein 2 (HRP2) is the
most common RDT target used, delivering false-negative results due to the fast emergence of
pfhrp2-deleted parasites. Hence, dual target HRP2 + pan-lactate dehydrogenase (LDH) is now
used in the field and offers better results in terms of sensitivity (42). Other indirect serology
tests, which measure antibodies against parasitic proteins, include the Immunofluorescent
Antibody Assay (IFA) and the Enzyme-Linked Immunosorbent Assay (ELISA), both of which

are time-consuming and require significant laboratory expertise and equipment. Consequently,
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they are not suitable for large-scale sample testing and are subjective in terms of result

evaluation (37),(43).

The choice of malaria treatment also depends on multiple pathogen, host, and socio-economic
factors. The first antimalarial drug used was quinine, derived from the bitter bark of the South
American Cinchona tree, utilised since the 16th century. In 1820, the quinine compound was
isolated from the plant and used worldwide for malaria treatment (1),(9). However, due to poor
tolerance, it is not recommended for use in children and pregnant women (44). By the end of
World War Il, the antimalarial chemicals chloroquine and sulfadoxine-pyrimethamine had been
discovered and were widely used to treat malaria, which quickly lead to Plasmodium drug
resistance to both mono-therapies (9),(45). These challenges inspired research into new
antimalarial treatments and led to the discovery of another plant-based compound, artemisinin,
in China in the early 1970s. Artemisinin, derived from the plant Artemisia annua, which has
been used against fever and chills since the 2nd century BC, is now part of the artemisinin-
based combination therapy (ACT), the WHO-recommended main line of malaria treatment,

which ensures a high malaria cure rate while minimising the risk of drug resistance (41).

Another method for reducing the incidence of malaria is through vector control, using pesticides
such as DDT, whose anti-mosquito properties were discovered in 1939, although the compound
was first synthesised in 1874 (46). However, DDT presents numerous issues, from human and
environment toxicity, to mosquito resistance (46),(47). Today, DDT is used in only a few Sub-
Saharan African countries in their malaria combat policies (41). Currently, other vector control
strategies, such as long-lasting insecticidal nets (LLINs) and indoor residual spraying (IRS),
are widely implemented in populations at risk of malaria (48). Another vector control method
of a significant interest nowadays is the use of the endectocide Ivermectin (IVM). IVM is a
broad-spectrum drug used to control the transmission of roundworms, such as the causative

agent of lymphatic filariasis (49). IVM binds to glutamate-gated chloride ion channels in
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muscles and nerve cells of invertebrates, resulting in paralysis and death. However, it is safe
for humans as it cannot pass the blood-brain barrier (50),(51). IVM is readily absorbed in
humans; therefore, if a mosquito feeds on a person treated with 1\VM, the blood meal is toxic
for the mosquito. Thus, mass drug administration (MDA) interventions with VM have proven
to disturb malaria transmission in Sub-Saharan Africa endemic settings (52). Since IVM’s half-
life is relatively short at 18 hours, the interventions propose IVM MDA of 300ug/kg/day for
three consecutive days across three consecutive months. This regiment has been shown to be
mosquitocidal for up to 28 days and is predicted to reduce malaria prevalence to as low as 1%
in low-endemicity settings, while remaining safe for humans (53),(54). However, recent clinical
trials have shown contradictory results regarding the effect of the IVM MDA regiment on
reducing P. falciparum prevalence, with no significant results in reducing Anopheles density
between control and intervention arms in a study in the Bijagos Archipelago of Guinea-Bissau

(Hutchins H et. al unpublished).

In terms of malaria vaccines, RTS,S/ASO01 is the first vaccine launched in three Sub-Saharan
African countries: Ghana, Kenya, and Malawi. RTS,S has shown an efficacy of about 50% with
a single dose administration, reducing to 40% after a booster dose 12 months later (55). The
second WHO-approved vaccine in 2023, the saponin-adjuvanted recombinant vaccine
R21/MM, has demonstrated a protection of around 75% in children during the first year,
following three doses of administration, with detected reduced protection of 71% after booster
dose 12 months later, in combination with LLINS interventions (56),(57). Thus, current vaccine
candidates show promise, but there is still a need to understand the reasons for the heterogeneity
in their protective effects and the waning of immune responses. Both WHO-approved vaccines
are based on the central repeat region of the circumsporozoite P. falciparum protein (CSP) as
the vaccine target containing T-cell epitopes and B-cell epitope (R21/MM) to stimulate an

antibody response in recipients to protect them from the infection (56),(55). The main
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difference between the vaccines is the adjuvant being ASOlin RTS,S and Matrix-M a smaller
saponin adjuvant associated with stimulation of antibody production and cellular immune
response in R21 (55),(56). The central repeat region encoded by the cs gene, contains regions
such as Th2R and Th3R encoding for epitopes recognised by T-cells. These regions are also
associated with high polymorphism due to non-synonymous SNPs and the proportion of epitope
diversity is found to be higher in populations characterised by high malaria transmission,
compared to those with lower (58). R21/MM has shown to have higher initial protection against
clinical disease compared to RTS,S in high transmission settings (55),(56). The transmission
intensity and therefore level of exposure to the parasite, coupled with host factors, such as age,
previous exposure of P. falciparum, as well as parasite genetic diversity, are some of the factors

contributing to the heterogeneity of efficacy of the malaria vaccines.

Since both vaccines contain parts of a pre-erythrocytic stage P. falciparum antigen and no
parasite blood stage antigen, there could potentially be no stimulation of immune response to
help combat the infection of non-vaccine CSP variants that manage to progress to the blood
stage of infection. Thus, due to the complexity of the parasite’s life cycle and its antigenic
variation, the approach of using one antigen for one vaccine might not be the most appropriate

for achieving long-lasting protection (36),(59).

1.2 P. falciparum serology as a tool for understanding transmission,

protection, and infection exposure.

B-cells are a type of leukocytes that when activated secrete highly specialised molecules known
as immunoglobulins (Igs). These molecules recognise pathogenic proteins, or antigens, with
high specificity. Upon recognition, the terminally differentiated B-cells produce antibodies,
which are the soluble, secreted version of those same antigen-specific 1gs. The antibodies, in

turn, bind to the antigenic proteins of pathogens circulating in the extracellular space and recruit
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phagocytic cells and molecules, targeting the pathogen for destruction. Antibodies can also bind

toxins, preventing their action, a process called neutralisation

Antibodies are composed of two key regions: the variable (V) regions, located at the ends of
the Y-shaped arms, which are responsible for antigen binding, and the constant (C) region in
the stem, which interacts with effector cells and molecules. All antibodies, known as
immunoglobulins, are made from paired heavy and light chains. The five classes of
immunoglobulins—IgM, IgD, 1gG, IgA, and IgE—are distinguished by their C regions, while
antigen specificity is governed by the V regions. In this context, the focus is on IgG antibodies

in response to Plasmodium falciparum infection.

IgG antibodies are large, approximately 150 kDa, composed of two identical heavy (H) chains,
each about 50 kDa, and two identical light (L) chains, each 25 kDa. These chains are linked by
disulfide bonds, creating two antigen-binding sites. The structure of the immunoglobulin
domains in both heavy and light chains consists of two [ sheets linked by a disulfide bond,
forming a P barrel shape. The main difference between V and C domains is that V domains are
slightly larger due to an extra loop that contributes to antigen binding. Stability of these
immunoglobulin domains is maintained by amino acids that are common to both V and C
regions. The light chains can be either kappa (k) or lambda (1), without functional differences
between them. 1gG, the most abundant immunoglobulin, has four subclasses (IgG1, 1gG2, 1gG3,
IgG4), with each subclass's functional properties determined by the structure of the heavy
chain's carboxy-terminal region. Both heavy and light chains show repeating domains of
approximately 110 amino acids, forming compactly folded structures called protein domains.
The light chain has two such domains, while the heavy chain of IgG has four. The amino-
terminal ends of these chains vary significantly, comprising the V domains that are responsible
for antigen specificity, while the rest of the chains consist of C domains, which remain

conserved among antibodies of the same isotype.
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An antibody's overall structure includes three globular regions connected by a flexible hinge,
which allows for movement of the two antigen-binding arms. Each arm, or Fragment antigen-
binding (Fab), is composed of a light chain and the amino-terminal half of a heavy chain, while
the stem, or Fragment crystallizable (Fc), consists of the carboxy-terminal halves of the heavy
chains. The Fab region binds antigens, whereas the Fc region interacts with immune effector
molecules. The flexibility provided by the hinge region and the junction between V and C
domains allows the Fab arms to move independently and bind antigen sites that vary in distance,
such as those on bacterial cell walls. The V regions differ between every antibody molecule
with sequence variability concentrated in three hypervariable regions, found in the light and
heavy chains of the molecule. Those hypervariable regions are flanked by framework regions.
The hypervariable regions are found on the edge of the beta barrel juxtaposed in the folded
domain, thus the hypervariability is concentrated and localise on the surface of the molecule.
The binding site of the antibody molecule is formed when the V regions of the heavy and light
chains are brought together creating a single hypervariable site, termed the complementarity-
determining regions (CDR) which determine the antigen specificity of the molecule. The
immune system generates antibodies with different antigen specificities by combining different
light and heavy V regions known as combinational diversity. The different CDR are made of
regions of different amino acid sequences, resulting in different shapes of the antigen binding
surfaces. This adds another level of complementary interaction between antibodies and
antigens. Additional to the sequence and shape complementary, antibody-antigen interactions
are size dependent, where small antigens and peptides bind at the groove of the CDR and larger
antigenic protein molecules sometimes bind more than one, or all of the CDRs, or even other
parts of the antibody. The final level of antibody antigen binding are the interaction forces.
Electrostatic interactions, hydrogen bonds, van der Waals forces and hydrophobic interactions
can all contribute to the binding. The contribution of interaction forces to the antibody-antigen

banding depends on the specific antigen and antibody. The strength of this binding is referred
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to as antibody avidity. The antibody complementary binding regions of antigens are called
antigenic determinant or epitopes. Some epitopes, termed conformational are formed from
different parts of a protein via protein folding, and others composed by single segments are

called liner. (60)(61).

Upon infection with a foreign agent, IgM antibodies are the first to be generated by the B-cells,
in small proportions and with low affinity. However, the pentameric structure of the molecule
provides it with high avidity when binding to multivalent antigens. Due to its size, IgM is
mainly found in the bloodstream rather than in lymph, hence it is important in controlling blood

infections (61).

IgG is the main isotype of antibodies in the blood and extracellular fluid, present in the
circulation of newborn babies through placental transfer from the mother. As 1gG antibodies
can easily diffuse to the extracellular space and bind with high affinity to specific antigens, they
are regarded as the principal neutralising antibodies. Moreover, different subclasses of 1gG are
present in varying abundance, with the 1gG4 subclass being the least abundant. Similarly, IgA
antibodies, primary found in mucosal surfaces, bind antigens with high affinity and possess
neutralising properties (61). Generally, the IgM humoral response is induced early in infection,
but decays quickly and is replaced by IgG, a pattern demonstrated to be true for multiple

infectious diseases (62),(63).
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Figure 2: Figure illustrating the general structure of the main immunoglobulin isotypes. Each rectangle
represents a domain, and the C-region, which determines the isotype is illustrated as the main colour for

each isotype. (Figure taken from Janeway’s Immunobiology 7" edition (2017) (61))

Protective IgG antibodies against Plasmodium falciparum merozoite proteins play a crucial role
in preventing parasite replication and disease progression and are strongly associated with
protection from symptomatic malaria. For instance, MSP1 polyclonal antibodies, which target
multiple epitopes of the merozoite antigen, primarily inhibit merozoite invasion of erythrocytes
and disrupt intracellular parasite development. While these antibodies do not prevent the
rupture of 3D7 schizonts, they agglutinate merozoites and arrest young parasites at the early
trophozoite stage, thereby exerting both invasion- and growth-inhibitory effects. Furthermore,
fluorochrome-labelled anti-MSP1 antibodies demonstrate access to intra-erythrocytic parasites,
enabling them to inhibit maturing schizonts and ultimately prevent their rupture and release as

infectious merozoites (64).

Similarly, antibodies against AMA1 interfere with erythrocyte invasion by blocking AMAT1’s
proteolytic processing and surface redistribution. Polyclonal antibodies inhibit the secondary
processing of AMAL, preventing the conversion of its 66-kDa fragment into smaller functional
fragments essential for invasion. These antibodies also induce anomalous processing, resulting
in non-functional fragments, and inhibit the circumferential redistribution of AMAL on

merozoites, disrupting their ability to attach to and invade erythrocytes (65).

Overall, antibodies targeting specific merozoite surface antigens, such as MSP-119, MSP-3,
AMAL1, and GLURP, significantly reduce the risk of symptomatic P. falciparum malaria by
targeting critical processes in the parasite’s life cycle. Meta-analyses reveal that individuals
with 1gG responses to these antigens have a lower risk of symptomatic malaria, with MSP-119
and MSP-3-Ct providing 18% and 54% reductions in risk, respectively, compared to non-

responders. This protection was found to be dose-dependent, with higher antibody levels
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correlating with greater reductions in malaria incidence. However, protective effects vary
depending on the antigen, allele, and study population, influenced by factors such as antigenic
diversity and methodological heterogeneity. These findings highlight the significant
contribution of merozoite-targeting antibodies to acquired immunity against malaria,

supporting their potential as key targets for vaccine development (66).

Moreover, long-acting monoclonal antibodies (mAbs) against specific P. falciparum antigens
have been studied in terms of therapeutics and potentially as protective vaccines, with
individual targets developed against every stage of the infection. An example of mAbs targeting
the merozoites are various identified antibodies that target the reticulocyte-binding protein
homolog 5 (Rh5.1), resulting in more than 90% merozoite invasion inhibition in vitro (67).
Other mADbs designed to tackle the pre-erythrocytic stage, targeting LILS, a conserved junction
epitope in the CSP protein, have shown that low doses of monoclonal anti-L9LS provide
protection against the diseases in individuals from controlled human malaria infections (CHMI)

(68).

Although specific immunity against malarial infection is possible, and the concept of protective
antibodies against malaria has been known since the 1930s, there is still no evidence for sterile
immunity in humans (69),(70). Furthermore, studies have shown that an abundance of IgM
antibodies against merozoites can also be associated with protection in populations where
malaria is endemic. IgM antibodies targeting Plasmodium falciparum merozoite antigens,
including PfMSRP5, PfSERA9, PFRAMA, PfCyRPA, PfRH5, MSP2, MSP1, AMAL, and
EBA175, play a critical and multifaceted role in malaria immunity (71), (72). IgM responses
are rapidly induced during acute malaria, particularly in individuals with high parasitaemia, and
are significantly more prevalent in children with malaria compared to those without (72). While
IgM levels often decline more rapidly than IgG, suggesting production by short-lived plasma

cells or B1 cells, its presence in clinically immune adults hints at potential long-term memory
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or persistent production (71). Functionally, IgM is highly effective in controlling parasitaemia
through complement activation, fixing components like C1q, C3b, and C5b-C9, and promoting
merozoite lysis. Notably, IgM demonstrates superior complement-activating efficiency

compared to IgG despite its lower avidity (72).

In malaria-endemic regions, high IgM levels are associated with significant reductions in the
risk of clinical malaria, comparable to 1gG, and both antibodies correlate strongly with
complement-fixing activity, a key mechanism of protection (72). While IgM responses are often
transient and sometimes weakly associated with higher parasitaemia, their rapid induction may
play a pivotal role in early immune defence by reducing parasite replication, facilitating 1gG
production, and balancing other immune mechanisms such as phagocytosis (72), (71). These
findings challenge the traditional view of IgM as a transient, primary infection response and
highlight its durability and functional significance in naturally acquired immunity. Together,
IgM and IgG form a complementary immune response that effectively reduces parasitaemia
and prevents severe disease (72), (71). Finally, IgM and 1gG subclasses (IgG1 and 1gG3), which
are associated with protection, have been shown to exhibit a similar decline in antibody titres
over time following acute infection in individuals from P. falciparum endemic settings

(73),(72).

1.3 Naturally acquired immunity to Plasmodium falciparum malaria
disease.

Naturally acquired immunity (NAI) to malaria refers to the ability of individuals to develop
adaptive immunity against the malaria disease. This immunity can be actively acquired after
multiple infections or passively through the transfer of protective antibodies via the placenta or
breastfeeding, with levels declining after six months of age (74),(75). NAI develops slowly its
mechanisms not entirely understood. NAI is characterised by two types: anti-parasitic NAI,

which is the ability to limit parasite growth and maintain parasite density below a specific
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threshold, and clinical immunity, which allows individuals to tolerate considerable parasite load

without showing disease symptoms (76).

NAI is age and exposure dependent, two interlinked concepts. Thus, individuals from areas
with high malaria endemicity, as well as adults, are expected to develop a stronger NAI
compared to individuals from low infection exposure settings, and particularly children.
(77),(78),(79). Children born in malaria endemic areas from six months to five years of age
experience the highest burden of severe malaria prevalence and disease mortality, a heightened
vulnerability due to the immaturity of their immune system compounded with the waning of

maternal anti-malarial antibodies (80).

However, data from studies on nonimmune populations moving to endemic areas, such as Irian
Jaya, Indonesia, highlight the significant role of age in determining the risk of severe malaria.
Among nonimmune migrants exposed to Plasmodium falciparum for the first time, adults were
at a substantially higher risk of severe disease compared to children (81), (82). For instance,
during the initial six months of exposure, adults experienced severe events requiring hospital
evacuation at an incidence density of 1.34 events/person-year in the third month, compared to
0.25 events/person-year in children, yielding a relative risk of 4.51 (95% CI = 1.94-11).
Additionally, 23.2% of adults were hospitalized for severe malaria compared to only 8.6% of
children (relative risk = 2.7, 95% CI = 1.9-3.8). This increased susceptibility in adults during
primary exposure contrasts with their ability to acquire immunity to chronic exposure more
rapidly than children, as evidenced by lower parasitaemia and fewer symptoms after 1-2 years

of residence in hyperendemic regions (81).

The historical records from British and French soldiers further reinforce this confounding
interplay. Soldiers exposed to P. falciparum in regions like West Africa developed immunity

that protected them in other malaria-endemic areas, whereas those from non-endemic areas like
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the British Isles did not. This suggests that immunity is shaped both by age and the timing of
exposure during childhood, complicating attempts to disentangle their effects in endemic

populations (83).

These findings underscore the confounding relationship between age and exposure in endemic
malaria studies. Age-related immune system changes, such as the shift from naive to memory
T cells and thymic involution, may result in adults being more prone to maladaptive responses
during acute infections while benefitting more from chronic exposure. This contrasts with
children, whose immune systems are more naive and better equipped to handle primary
infections but acquire immunity more gradually over time (82). Together, these observations
emphasize the need for careful interpretation of age and exposure when studying malaria
immunity, as their combined influence can obscure the true dynamics of susceptibility and

protection.

Children from five to fifteen years of age are the age group characterised with the most exposure
to malaria infection and act as malaria transmission reservoir (74),(84). Although NAI can
reduce malaria incidence and risk of mortality, it has not been shown to provide sterile
protection due to various factors, including heterogeneity of the disease, the complex
plasmodium life cycle, a large repertoire of antigens, diverse P. falciparum strains, and intrinsic

host characteristics along with environmental factors (76),(85).

Studies investigating protective immunity to P. falciparum infection have shown that P.
falciparum NAI is associated with antibodies against multiple parasitic antigens, rather than a
single specific target (86),(87),(88). Furthermore, approximately 30% of all P. falciparum
proteins are recognised by the human immune system, with some showing higher
serorecognition than others (89). Amongst these proteins, a few such as Rh5.1, P. falciparum

merozoite surface protein 1 (PfMSP1.19), P. falciparum apical membrane protein 1 (PfAMAL),
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Erythrocyte binding antigen 174 (EBA175.R111.VV) and CSP, have been prominent candidates
in vaccine development due to their immunogenicity and association with protection against
clinical disease, with the latter being the target in both WHO-approved vaccines today

(56),(70),(89),(90),(91).

In population-level studies, antibody detection platforms that are rapid and have high specificity
and sensitivity are essential for the monitoring distribution of pathogens, referred to as
transmission, and can potentially be used to date the occurrence of initial infections (92),(93).
Combining serological measures with parasite prevalence data, obtained using microscopy or
molecular methods, have shown to be effective in estimating malaria transmission in
populations over time (94). Furthermore, analysing antibody responses to malaria in children
under the age of five provides deeper insights into the transmission dynamics and antibody
kinetics within the population, as their naive immune system responds rapidly to new infections

and subsequent clearing of infection (94),(95).

Antibodies to specific P. falciparum antigens decline at different rates over time, without the
presence of reinfections (94),(96). This variance determines the kinetics and half-life of the
antibodies and depends on multiple factors such as the nature of the antigen stimulating
antibodies production, the individual’s age and genetics, seasonality, the immunoglobulin
classes, and levels of exposure to malaria (94),(96),(97). During this project, antigens that
stimulate short and long half-life antibody responses will be termed short-term and long-term
markers of exposure or seroincidence, respectively. It has been shown that single measures of
antibody responses to long-term markers, such as PfIMSP1.19 and PFAMAL, can offer insights
into parasite transmission over an extended period of time, and can be used to explore short-
term variations looking at data from children under five years of age (94). Conversely, short-

term markers, such as the Early transcribed membrane protein 5 (Etramp5), can be used to
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investigate more gradual changes in P. falciparum exposure and assess exposure at an

individual level (94),(98),(87).

Protective antibody responses during the blood stage of the P. falciparum infection can be
characterised into two groups based on the of antigens targeted. The first group includes
merozoite antigens such as PFAMAL and PfMSP1.19, which help prevent merozoite invasion
of RBCs through mechanisms like neutralisation, opsonic phagocytosis and complement
activation. The second group consist of antibodies to variant surface antigens (VSA) expressed
on the surface of the infected erythrocytes (IE); antigens involved in cytoadherence of the IE

and characterised by antigenic variation (99).

1.4 Variant surface antigens

During the blood stage of infection with P. falciparum, members of several protein families are
translocated from the parasite and expressed on the surface of the IEs, as illustrated in Figure 3
(100),(101). These protein families, characterised by hypervariability and antigenic properties,
are collectively termed Variant Surface Antigens (102). The VSA protein families include P.
falciparum erythrocyte membrane protein 1 (PfEMP1) family, the Repetitive Interspersed
family (RIFIN), the Sub Telomeric Variable Open-Reading frame family (STEVOR), the P.
falciparum Maurer’s cleft Two Transmembrane protein family (PfMC-2TM) and the Surface-
Associated Interspersed protein family (SURFIN) (103). Members of these families are mostly
conserved across their domains within a family but possess variable domains that are associated
with their antigenic properties. This variation occurs within members of the same protein
family, between different isolates, and across parasites in the same infection; hence they are
also known as P. falciparum hypervariable surface-expressed protein families (102). The most

studied of these is PFEMP1 (104).
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Figure 3: lllustration of the proposed localisation and 2TM topology of hypervariable surface proteins

on the membrane of P. falciparum infected erythrocytes. Figure taken from Scherf et. al. (2008) (102)

PfEMP1 is a family of 200-350 kDa proteins encoded by the multigene family var. These genes
have two exons, one coding for conserved intracellular domain and another for a large
hypervariable extracellular region of two to four Duffy-binding like (DBL) domains and
cysteine-rich interdomain regions (CIDR), which function as adhesins, and determine the
different variants in the family. Each parasite encodes about 60 var genes and expresses one at
any given time (105). Despite the large variability, PFEMP1 proteins are classified in three
groups: A, B and C, depending on their gene localisation on the parasite’s chromosomes, and
are subclassified according to their domain cassettes (DC), which are tandem arrangements of
domains. Group B and group C PfEMP1 CIDR and DBL domains, bind Cluster of
Differentiation 36 (CD36) and Intercellular Adhesion Molecule 1 (ICAM1) receptors on
endothelial cells, respectively, a process known as cytoadherence (106). Notably, these
receptors are also expressed on many human immune cells, including dendritic cells (DCs),

implicating the PFEMP1 involvement in immune modulation (107).
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PfEMP1-mediated cytoadherence to DCs inhibits their maturation by preventing the
upregulation of key maturation markers such as HLA-DR, CD40, CD80, CD83 and CD86,
which are essential for efficient antigen presentation and T-cell activation. This inhibition is
specific to cytoadhering parasites. Electron microscope reveals that PFEMP1-expressing iRBCs
establish close interactions with DCs, disturbing their function without causing cytotoxic
damage. This interaction suppresses both primary and secondary immune responses,

contributing to the immune dysregulation observed during malaria infection (107).

In addition to impairing DC function, PFEMP1 variants such as VAR2CSA suppresses key
transcription factors, such as NF-kB, CREB and GAS/ISRE, thereby downregulating early
proinflammatory signalling pathways in macrophages. VAR2CSA also modulates innate
immune pathways, including Toll-like receptor (TLR) signalling independent of the classical
receptors like CD36 and ICAM-1. This suggests PFEMPL1 interacts with other host surface
molecules that regulate pattern recognition receptor (PRR) signalling. Additionally, PFEMP1
has been shown to downregulate the expression of cytokines and chemokines, such as I1L-6 and
TNF, in monocytes. However, it does not affect the phagocytic activity of monocytes,
indicating that its primary role is in regulating inflammatory signalling rather than directly
influencing antigen clearance. (108).Specific PfEMP1 Group A proteins, such as DC8 and
DC13 variants, are associated with the binding of the IEs to non-infected erythrocytes, a process
known as rosetting (106). These proteins are predominantly expressed in parasites infecting
malaria naive individuals and those presenting with severe malaria, with their domains binding
to a different receptor: the endothelial protein C receptor (EPCR). In addition to rosetting,
EPCR binding is associated with severe malaria because the receptor’s normal function is to
promote the activation of protein C (APC), which regulates blood clotting and endothelial
barrier properties (109),(110),(111),(112). Thus, changes of EPCR levels are related to blood-

brain barrier dysfunction.
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In an infection, each parasite expresses one PFEMP1 variant at a time but is associated with
switching of expression of variants over time, selecting for dominant variant to be expressed
by most or all of the parasites in vivo and in situ (113),(114). Controlled human malaria
infection studies (CHMI) show controversial results regarding the rapid expansion of and
selection for severe diseases-associated variants from Group A PfEMP1 in malaria naive
individuals and in those with lifelong exposure (115),(116). A CHMI study looking at malaria
naive individuals, showed that an expected severe diseases-associated Group A and DC8
PfEMP1 variants did not preferentially expand over six replication cycles. Instead, host-
intrinsic immune variability shaped the outcomes, with inflammatory responses correlating
with symptoms but not parasite replication rates or specific PFEMP1 expression (115).
Conversely, a CHMI study conducted in the malaria endemic Gabon found that in lifelong
malaria-exposed individuals, pre-existing immunity significantly shaped PfEMP1 expression,
driving clonal selection of less virulent B- and B/C-type variants while suppressing A-type
variants through acquired antibodies. In malaria-naive individual controls, however, A-type
variants were more prominently expressed, potentially reflecting their role in severe disease
(116). These studies highlight how host immunity—whether absent or acquired—differentially
influences PfEMP1 expression and disease outcomes, leading to contrasting interpretations of

parasite immune evasion and virulence mechanisms.

Antibodies targeting PFEMPL1 play a critical role in protecting against severe malaria (SM), as
evidenced by multiple studies. PFEMP1 is the dominant target of naturally acquired immunity,
with antibodies specifically directed at PfEMP1 being significantly higher in children with
uncomplicated malaria (UM) compared to those with SM (117). These antibodies are not only
associated with reduced odds of SM but also contribute functionally to immune protection. For

instance, PfEMP1-specific antibodies mediate opsonic phagocytosis, enhancing the clearance
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of infected erythrocytes (IEs) by immune cells, and are particularly effective against virulent

PfEMP1 variants associated with SM (118), (117).

Studies using protein microarrays in Papua New Guinea (PNG) children revealed that
antibodies to a limited and conserved subset of PfEMP1 variants, particularly Group 1 and
Group 2 DBLa domains, are strongly linked to protection against SM. These variants are
associated with endothelial protein C receptor (EPCR) binding, a mechanism implicated in
severe disease pathogenesis, and confer a reduced risk of SM (119). Children who experienced
SM initially lacked antibodies to these protective variants but acquired them after exposure to
severe-disease episodes. In contrast, children who remained free of SM had higher baseline
levels of these antibodies, underscoring the importance of early acquisition of antibodies to

specific PFEMP1 variants in mediating protection (119), (120).

The sequential acquisition of antibodies reflects a structured exposure to PfEMP1 variants
during early infections. This pattern is shaped by the parasite’s expression of PFEMP1 variants
with efficient sequestration phenotypes, which confer a selective growth advantage in non-
immune hosts. Over time, as immunity develops, subsequent infections involve variants with
less efficient adhesion phenotypes, contributing to the broadening of the antibody repertoire.
This structured acquisition is crucial for both early protection against SM and the long-term

development of immunity (118), (120).

Despite these findings, the association between PfEMP1-specific antibodies and protection
warrants critical evaluation. While robust evidence links antibodies to Group 1 and Group 2
DBLa domains with reduced SM risk, the relationship between antibody levels and protection
against clinical malaria is less definitive. Protection against clinical malaria involves a broader
and more diverse range of antibodies, and cumulative exposure (e.g., molecular force of blood-

stage infection) is often a stronger predictor of clinical outcomes than specific antibody

61



responses (119). Furthermore, the protective efficacy of these antibodies varies depending on
antigenic diversity and the functional roles of different PfEMP1 domains, raising questions

about their universality across diverse malaria-endemic regions (118), (120).

CHMI studies provide valuable insights into these dynamics, demonstrating that individuals
from high malaria transmission areas exhibit a broader and higher pre-existing antibody
response to diverse PFEMP1 domains compared to those from lower transmission regions. This
breadth of antibodies, particularly to the variant surface antigens (VSA) expressed on infected
red blood cells, is strongly associated with protection. A wide antibody repertoire correlates
with reduced parasite growth and a lower likelihood of reaching clinical treatment thresholds.
Although specific PFEMP1 domains, such as CIDRa3.2 and CIDRa4(a), have been identified
as predictors of protection, their associations lose significance when adjusted for antibody
breadth, underscoring the critical role of cross-reactivity across multiple PFEMP1 variants. This
broad immune response likely reflects recognition of a wide range of antigens expressed on IE,

potentially capturing both known and unidentified protective targets (121).

Evidenced by these findings, PfEMP1 is recognized as a crucial target of naturally acquired
immunity and a potential candidate for vaccine development. However, the variability in
antibody acquisition, the interplay between exposure and immune development, and the
immense diversity of PfEMP1 variants underscore the complexity of translating these
observations into universally effective interventions. To address these challenges, future efforts
must consider not only the role of individual PFEMP1 domains but also the broader context of
cumulative exposure and cross-reactive immunity, which are essential for sustained protection

against malaria.
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1.5 STEVOR and RIFIN: structure, function, and localisation

Hypervariability of members of STEVOR and RIFIN protein families is achieved through
recombinant events of the genes encoding them, stevor and rif, respectively, found on the sub
telomeric regions of most chromosomes of P. falciparum, adjacent to the telomer, while some
rif genes are found clustering on central regions of the chromosomes. These genes are
characterised by highly repetitive heterogenous sequences that are difficult to map and sequence
(122),(123),(124),(125). STEVOR and RIFIN proteins appear to be evolutionary related, as
they share sequence and structural similarities (125). The STEVOR protein family consists of
approximately 30 to 40 protein members, varying from strain to strain, each with a molecular
weight of around 40 kDat. These proteins are expressed later in the parasite’s life cycle than
the products of var and rif genes, detected approximately 22 hours after infection during the
trophozoites and schizonts stages of the parasite’s asexual life cycle (126),(127). Some
STEVOR proteins localise at the apical end of merozoites, while others are expressed in
gametocytes during the sexual stage of the parasite’s life cycle (128),(126). The STEVOR
proteins expressed on merozoites participate in a secondary transcriptional cascade, producing
variants different from those in the schizonts. These proteins are highly expressed in clinical

isolates but are not expressed in laboratory-adapted strains (126).

The RIFIN family is considerably larger, comprising of approximately 150 to 200 members per
parasite genome, divided into two groups: RIFIN-A and RIFIN-B, distinguished by the
presence or absence of a 25 amino acids long insertion-deletion sequence: INDEL (InD),
respectively (129). The two RIFIN subtypes also differ in terms of localisation. Similar to
STEVORs, type A RIFINs are exported via Maurer's cleft to the membrane of the infected
RBCs, whereas type B RIFINs are mainly found inside the parasite (130). Expression of rif
genes is detected in all stages of the parasite lifecycle including schizonts, merozoites,

sporozoites and gametocytes (131),(132).
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STEVOR and RIFIN protein families are both part of a larger superfamily known as 2 trans-
membrane (2TM) P. falciparum protein superfamily (133),(134). Proteins from this
superfamily are released from the parasite-derived membranous structures Maurer's cleft into
the erythrocyte cytoplasm and localise on the red blood cell membrane (133),(135)" As the
name suggests, it is structurally proposed that all these proteins possess two trans-membrane
domains, exposing a loop of the proteins to the extracellular space, as shown in Figure 4B (102).
However, more recent studies have shown that some members of STEVOR and RIFIN protein
families possess a single trans-membrane domain topology, where one of the TM domains is
referred to as a hydrophobic segment of the protein, and thus not only the variable domain is
exposed to the host immune system, but the majority of the protein except of its conserved N-
terminus (134),(136),(101). For this work we accept that both protein topologies are possible
within members of the protein families, specifically for the STEVOR family, for which the

majority of the work in this thesis is focused on (134).

The proposed 2TM protein structure of members from both families, illustrated in Figure 4A,
starts with an N-terminal signal peptide (SP), responsible for protein translocation to the
endomembrane system for protein folding and post-translational modification, further
influencing the mature protein’s localisation (137). This is followed by a small variable domain
(V1) and a five amino acid long Plasmodium export element, or PEXEL motif (P), which codes
for protein trafficking from the parasite to the surface of the IE (138),(139),(140). All proteins
possess a semi-conserved domain (SC), genetically different between STEVORs and RIFINs
and much shorter in RIFIN type A, compared to type B. This is followed by a second large
variable domain (V2), wrapped around two trans-membrane domains (TM), and ends with a

short conserved domain (C) at the C-terminal of the protein (138).
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Figure 4: General protein structure of RIFIN and STEVOR protein family A) protein domains and
number of copies and B) protein localisation on the IEs. Same colours represent domains with high
genetic similarity between the families. The red colour represents domains with high variability (created

by Vasileva H. using Biorender.com and based on Zhou et. al (2029) (138)).

Functions identified associated with these protein families, important for host cell survival,
include immune evasion, rosetting, cytoadherence, alternation of infected host cell rigidity, and
some STEVOR proteins are also associated with merozoite invasion (127),(134),(141).
Members of the RIFIN protein family, have been shown to interact with host immune inhibitory
receptors such as the leukocyte immunoglobulin-like receptor B1 and B2 (LILRB1, LILRB2),

, and the leukocyte-associated immunoglobulin-like receptor 1 (LAIR1).

Recent studies reveal that host-derived receptor-based antibodies, incorporating either LAIR1
or LILRB1 domains, target RIFINSs as part of an adaptive countermeasure against this immune
evasion (145), (146). Broadly reactive antibodies with LAIR1 inserts in their variable heavy
chains have been identified in malaria-exposed individuals. These antibodies carry highly

mutated LAIR1 domains that retain binding specificity for RIFINs. Structural analyses show
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that these antibodies target conserved regions within the V2 apex of certain RIFINS, facilitating
immune processes like opsonization and phagocytosis (145). Similarly, antibodies containing
LILRB1 domains, particularly the D3 subdomain, bind a distinct subset of RIFINs with high
specificity (146). These interactions highlight the polymorphism and redundancy of RIFINS in

targeting inhibitory receptors, allowing the parasite to effectively evade host immune responses.

Structural studies further highlight the mechanisms underlying these interactions. For LAIR1-
binding RIFINS, specific conserved residues in the V2 domain, such as C254-C265 and R268,
are crucial for binding. The interaction involves a highly complementary interface formed by
hydrophobic and hydrogen-bonding interactions (147). Comparative analyses demonstrate that
LAIR1 and LILRBL1 interact with RIFINSs through distinct binding footprints, emphasizing the
evolutionary diversity of these interactions across multiple Plasmodium species. This immune
evasion strategy not only suppresses the activation and maturation of immune cells, including
natural killer cells, dendritic cells, monocytes, and macrophages, but also downregulates B-cell

activity, contributing to immune suppression and severe malaria outcomes (142),(143),(144).

Less is studied and discovered about members of the STEVOR family, although they are found
to bind to Glycophorin C (GPC) on uninfected erythrocytes, enabling the process of rosetting,
a mechanism which alters the RBC rigidity, and protects parasites from the immune system
(148), (149). While direct evidence of rosetting completely blocking phagocytosis remains
limited, several lines of experimental and indirect evidence support its role in immune evasion.
First, the inclusion of uninfected RBCs in rosettes masks VSAs expressed on iRBCs, thereby
reducing antibody and immune cell recognition (150). Second, rosetting through receptors such
as CR1 and CD36 may obstruct critical phagocytosis pathways, with CR1-mediated rosette
formation potentially inhibiting complement-opsonized clearance of iRBCs (111). Third, the
larger size and increased rigidity of rosettes, compared to individual iRBCs, hinder their

engulfment by phagocytes, as larger structures impair the attachment phase of phagocytosis
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(150), (151). Finally, the reduced deformability of rosettes likely promotes their mechanical
sequestration in microvasculature, preventing their filtration and clearance by the spleen (152).
Together, these mechanisms highlight the multifaceted role of rosetting in protecting the

parasite from immune responses.

1.6 STEVOR: variability and host immune response.

Members of the 2TM superfamily possess antigenic properties and, like the PfEMP1 family
proteins, they are clonally variant contributing to P. falciparum’s antigenic variability (102).
STEVOR and RIFIN proteins are encoded by a multi-copy gene families, with only one gene
expressed at a time by a parasite, following an infection stage-dependent successive expression
(134),(135). The chromosome position and expression of 2TM STEVOR variants on the IEs is
schematised in Figure 5. Evasion of host immune response is part of the P. falciparum
virulence. This is primarily achieved through antigenic variation, allowing the parasite to evade
immune detection and subsequent destruction in the spleen, prolong its survival, and establish
chronic infection (36). The proposed 2TM topology of STEVOR proteins suggests that there is
a protein loop exposed to the extracellular space, the V2 domain, the hypervariable region
between family members, suggesting antibody stimulating epitopes are found within this
domain (102). Furthermore, this variability has been observed both within and between
STEVOR family members from different geographically located isolates, with a certain level

of clustering association noted in the protein sequences across isolates (125).
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Studies using peptide microarrays show that children and adults with P. falciparum infections
exhibit similar levels of serorecognition and seroreactivity to multiple parts of several STEVOR
proteins, including SC, V1 and V2. This suggests that other parts of the proteins, besides V2,
are also exposed to the host circulation and possess antigenic properties (138). Moreover, it has
been demonstrated that serorereactivity to the peptides is age-related, with more intense
reactivity detected in adults compared to children, and that serorecognition to STEVORs might
be acquired gradually in life, in comparison to RIFINs (138). Additionally, it has been shown
that antibodies against STEVOR proteins might be protective against erythrocyte binding, and
can inhibit merozoite invasion of the erythrocytes (138),(153). Antibodies against STEVOR

proteins have been shown to play a protective role by inhibiting merozoite invasion of
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erythrocytes. In merozoites, STEVORs are specifically localized on the apical ends of the
parasite, a region critical for interactions with erythrocytes during invasion (153). This apical
localization is part of a tightly regulated expression cascade, where distinct STEVOR variants,
are predominantly expressed during merozoite maturation. These variants are integrated into
the merozoite surface membrane, as demonstrated through Western blot analyses and
immunofluorescence microscopy (153). Upon release from schizont-infected erythrocytes,
merozoites expose STEVORSs on their surface, where they act as mediators of host-parasite
interactions. Notably, antibodies such as anti-PFL2610w specifically recognize these STEVOR
variants on the merozoite surface but not on intact schizont-infected erythrocytes, underscoring
the stage-specific nature of STEVOR expression (153). By binding to these surface-exposed
STEVORSs, these antibodies can disrupt the interaction between merozoites and erythrocyte
receptors, effectively blocking the invasion process and preventing the establishment of new
infections. This highlights the potential of anti-STEVOR antibodies as a critical component of

protective immunity against malaria.

Study using 3D7 STEVOR recombinant proteins expressed using a wheat germ cell-free
(WGCF) system tested against serum samples from Uganda aged 6 to 20 years showed that the
accumulation of antibodies to STEVOR variants, breadth of responses, is associated with age
but not with clinical malaria. It also identified one variant associated with reduced risk of febrile
malaria, thus a target of naturally acquired immunity (154). Similarly, a study using
recombinant 3D7 STEVOR proteins expressed in E. coli expression system tested against
serum samples from Ghana showed high breadth of responses to STEVORSs in adults and higher
antibody levels in children with parasitaemia irrespective of the presence or absence of disease
symptoms. There was an increase of antibody levels against one STEVOR following

subsequent infections, indicating an age- and exposure-related acquisition of antibodies against
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this STEVOR antigen. However, there were no evidence of protective levels of anti-STEVOR

antibodies in children from subsequent infection (155).

1.7 Importance of pathogen protein hypervariability

Hypervariability within protein families in various human, animal and plant pathogens have
been linked to adaptation of the pathogen against the host defence responses to ensure
prolonged survival. An example of such protein family in pathogenic parasites, apart from the
PfEMPL in P. falciparum, is the trans-sialidases (TSs) protein superfamily which large number
of genes are also located near the telomeric regions of the chromosomes of various
Trypanosoma spp. Similarly to PfEMP1, TSs are associated with immune evasion and binding
to host cells to facilitate the spread of infection (156). Moreover, bacterial infections, such as
group A streptococcus expresses a surface hypervariable protein (M protein) which is also
associated with antigenic variation and evasion of immune response, particularly resistance to
phagocytosis (157). Further on, even plant viruses such as the Soybean mosaic virus (SMV),
the most economically destructive viral pathogen, also expresses a hypervariable protein: P1,

associated with virus survival by silencing host defences against the infection (158).

Research on hypervariable pathogenic protein families has shown a common characteristic of
antigenic variation and functional importance for host survival with strong associations with
diseases pathology. Hence, focusing on understudied surface hypervariable protein families of
pathogens associated with big global disease burden and suggested importance in disease

pathology, such as the STEVOR protein family of P. falciparum should be pursued.

The following thesis has aimed to characterise the protein family antigenic variation and its
immunological importance using a multidisciplinary approach employing biochemical,

bioinformatics and sero-epidemiological techniques.
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Chapter 2: Study Aim and Objectives

2.1 Aim

This study aims to characterise antibody responses to two hypervariable Plasmodium
falciparum protein families, RIFIN and STEVOR, with more focus on STEVOR, and to

determine their role in the development of immunity to the infection.

i. Hypothesis
Antibodies against the STEVOR and RIFIN hypervariable proteins are important markers of

immunity to Plasmodium falciparum infection.

2.2 Objectives

2.2.1 Objective one
To develop an optimised pipeline for the expression of STEVOR and RIFIN recombinant
proteins and evaluate their antigenicity using human malaria endemic serum from Sub-Saharan

African countries, as a proof of concept.

i.  Hypothesis
Hypervariable protein targets, represent antigenic recombinants which are recognised by
Plasmodium falciparum endemic samples, irrespective of the recombinant expression platform

used.
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2.2.2 Objective two
To develop a library of recombinant antigens representing the hypervariable domain of the

STEVOR protein family.

i.  Hypothesis
The variability in the protein sequences of STEVOR variants, along with the specific strains
they originate from, can be systematically analysed to select specific variants for inclusion in

a recombinant antigen library.

2.2.3 Objective three

To investigate the development of immunity to STEVOR variants in an age- and exposure-
dependent manner, using the developed recombinant antigen library against serological
samples from Sub-Saharan African populations characterised by various levels of malaria

endemicity, stratified by age groups.

i.  Hypothesis
Increased P. falciparum exposure increases the breadth of antibody responses to STEVOR

protein members in an age- and exposure-dependent manner.
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Abstract

Malaria, caused by Plasmodium spp., leads to significant morbidity and mortality, particularly
in Sub-Saharan African countries where Plasmodium falciparum is the predominant infectious
species. The pathogenesis of P. falciparum depends on multiple host and parasitic factors, one
of which is the evasion of host immune response, due to antigenic variability, during the blood
stage of infection. The understudied infected erythrocyte-expressed protein families, STEVOR
and RIFIN, characterised by antigenic hypervariability, are associated with clinical outcomes

of the infection and protective acquired immunity, based on their topology and localisation.

In this study, two molecular tag methods were used for the successful expression of members
of the STEVOR and RIFIN protein families as recombinant proteins in E. coli expression
system. Further, the antigenicity of these recombinants was established, and Ugandan cohort
samples with various P. falciparum infectious statuses were analysed for the detection of
antibody levels to the STEVOR and RIFIN recombinants. The seropositivity rates to these
recombinants in different age groups were compared against already established short- and

long-term markers of infection.

This study demonstrated age-dependent immunity acquisition against the tested recombinants,
suggesting the potential use of STEVOR and RIFIN recombinants as novel markers of P

falciparum exposure in serosurveillance.

Due to the hypervariable nature of members of these protein families, it is proposed that further,
more extensive research using a library of recombinant variants is needed to strengthen the

conclusions made.
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3.1 Introduction

Malaria is a vector-borne disease caused by infection with parasites from the genus
Plasmodium and transmitted by Anopheles mosquito species, responsible for approximately
608,000 deaths and 249 million infectious cases in 2022, with the greatest burden of the disease
felt in Sub-Saharan Africa (1),(2). There are five main parasite species which cause human
malaria, of which Plasmodium falciparum (Pf) is the most virulent, responsible for over 99%
of malaria cases, the majority of which occur in children under five years of age and pregnant
women (1),(3). Despite the observed reduction of malaria cases between 2000 and 2015 due to
malaria control strategies, cases have been increasing significantly since 2016 due to several
factors such as the rise of drug-resistant parasites and vector insecticide resistance, coupled
with issues of regional political instability (1),(4),(5),(6). Additionally, the World Health
Organisation (WHO) estimated that interruptions of malaria control efforts and case

management caused by the SARS-CoV-2 pandemic resulted in an additional 13.4 million cases

(1),

Pathogenesis of malaria depends on multiple parasite and host factors, causing different clinical
outcomes and disease severity (7). Some of the parasite’s virulence is due to evasion of the
human host immune system during the blood stage of the infection. Pf infected erythrocytes
(IE) adhere to the endothelial wall of blood vessels, via cytoadherence, preventing the clearance
of the IE from the blood stream. Another pathogenic mechanism of P falciparum is the
formation of rosettes, clumping uninfected erythrocytes around the IEs. (7). Sequestration and
rosetting are characteristic Pf virulence factors, enabled by parasite derived proteins expressed
on the surface of IEs. These proteins possess antigenic properties and antibodies produced
following exposure are associated with acquired protective immunity to Pf malaria (8).

Moreover, IE surface expressed antigens are associated with antigenic variability, termed
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Variant Surface Antigens (VSA) (8) . These antigens are the protein products of multi-copy
gene families, grouped into several protein families: P. falciparum Erythrocyte Membrane
Protein 1 (PfEMP1), Repetitive Interspersed protein family (RIFIN), Sub-Telomeric Variable
Open Reading Frame family (STEVOR), P. falciparum Maurer’s cleft Two Transmembrane
domain family (P/MC-2TM) and Surface-Associated Interspersed Protein family (SURFIN)
(9). These proteins are translocated from the blood stage Pf parasites (trophozoites and
schizonts) to the surface of the IE via protein trafficking through the Maurer’s cleft, a parasite
derived membranous structure, and are expressed on the IE membrane, protruding into the

extracellular space (9).

RIFIN and STEVOR protein families are encoded by approximately 160 rif and 40 stevor gene
copies per parasite, respectively, where one gene from each family is expressed at a time per
individual parasite, following an infection stage depended successive expression (9),(11).
Members of each family differ mostly in their hypervariable region, believed to be the only
domain exposed to the circulation that possesses antigenic epitopes, until a study using peptide
microarrays showed that in Pf infected populations, there were similar levels of serorecognition
and seroreactivity to both the semi-conserved (SC) and the large hypervariable (\V2) protein
domains of STEVORs and RIFINs (12),(13). Moreover, both SC and V2 domains were found
to be associated with Pf exposure and potentially with clinical outcomes of the infection (12).
Seroreactivity and serorecognition to both protein families have been demonstrated to be age
and exposure dependent, with high reactivity in adults compared to children and higher domain

recognition in individuals with clinical malaria as opposed to sub symptomatic infections (12).

The kinetics and half-life of antibodies to specific Pf antigens varies depending on multiple
factors, such as protein antigenic properties, human host age and genetics, seasonality,

immunoglobulin class, and endemicity of the setting (14),(15). The antibody responses to
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certain antigens have a short half-life and thus indicate recent exposure to infection (short-term
markers), such as HSP40.Ag1 (Heat Shock Protein 40 Antigen 1), Hyp2 (Hypothetical protein
2), Etramp5.Agl (Early Transcribed Membrane Protein 5 Antigen 1), Etramp4.Ag2 (Early
Transcribed Membrane Protein 4 Antigen 2) and GEXP18 (Gametocyte Export Protein 18).
Some already established markers, such as Rh2.2030 (Reticulocyte- binding protein
homologue) and EBAs (Erythrocyte-binding antigens), indicate Pfinfection during the past six
months and therefore are considered as moderate-exposure markers (16). Antibody responses
to AMA1 (Apical Membrane Antigen 1), MSP1.19 (Merozoite Surface Protein 1), MSP2.Dd2
(Merozoite Surface Protein 2, Dd2 allele), and GLURP.R2 (Glutamate Rich Protein Region 2)
indicate long-term exposure with antibodies persisting for years after infection, termed as long-
term markers (16),(26),(31). The measurement of antibody levels against different types of
immune markers is a useful tool to assess the time of infection in individuals or in a population.
This level of information is of a high importance for the design of control programs to interrupt
transmission in a specific setting (26),(41). In concordance with other molecular techniques,
measurement of antibody levels can also inform about the immune profiles in individuals
protected from severe malaria disease, essential information for new vaccine approaches
(26),(42). High throughput multiplex platforms, like quantitative suspension array technologies
(qSAT) used in this study, have been developed to allow sensitive and accurate estimates of
time of exposure via serosurveillance, testing antibody titres against multiple targets

simultaneously (30).

This study is demonstrating successful expression of isolated domains of members of the
STEVOR and RIFIN protein families as recombinant proteins in E. coli expression system.
Antibody reactivity to previously established long- and short-term markers of exposure have

been used as juxtaposition to classify the nature of antigenicity of these new targets
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(14),(15),(16). This study aims to fill in the gaps in Plasmodium falciparum proteome

knowledge and to investigate possible new markers for measuring exposure to infection.

3.2 Methods

3.2.1 Ethics

This study has received ethical approval by the Ethics Committee of the London School of
Hygiene and Tropical Medicine (LSHTM) (reference number: 21505). The serum samples used
in this study come from the Program for Resistance, Immunology, Surveillance, and Modelling
of Malaria in Uganda longitudinal cohort (PRISM), approved by the Ethics Committee of
LSHTM (reference number: 15823) and the Research and Ethics Committee of the Makerere
University School of Medicine in Kampala, Uganda (reference number: 2011-167), and the
Mapping Malaria and Neglected Tropical Diseases on the Bijagos Archipelago of Guinea
Bissau (DTNMaPa), approved by the Ethics committee of LSHTM (reference number: 22899)
and the Comite Nacional de Eticas de Saude (CNES) in Bissau, Guinea Bissau (reference

number: 076/CNES/INASA/2017).

3.2.2 Design and expression of STEVOR and RIFIN recombinant proteins.

Six STEVOR (Pf3D7 1300900, Pf3D7 1254100, Pf3D7 0115400, Pf3D7 0300400,
P3D7 0832000, Pf3D7 0832600) and three RIFIN (Pf3D7 0833200, Pf3D7 1041100,
Pf3D7 0732400) protein sequences from the 3D7 Plasmodium falciparum reference strain
were initially selected, based on previously published work on peptide arrays (12). Protein
sequences were downloaded from the PlasmoDB database (Plasmodium Genomic Database,
RRID:SCR _013331), and multiple alignment of the sequences was performed for each protein
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family using Clustal2X (17),(18). Additional inspection of the alignments was conducted
manually to identify misalignments. Both protein families presented a similar structure
containing a signal peptide (SP), a semiconserved domain (SC), genetically different between
the families conserved domain (C), two hypervariable domains (V1 and V2) and two
transmembrane domains (2TM), as well as a translocator signalling element (PEXEL motif)
(Figure 1) (19). The SC and V2 domains of the amino acid sequences were isolated for both
the STEVORs and RIFINs, using published data on domain architecture, and a transmembrane
domain prediction server (TMHMM v.2.0) (20). The edited sequences were then realigned
using the ‘msa’ package on R computational platform (v3.6.3; R Core team 2020) (21). The V2
and SC portions of three STEVORs (Pf3D7 1300900, P/3D7 0832000 and Pf3D7 0832600)
and one RIFIN (P/3D7_0732400) proteins were selected as representative sequences, based on

divergence using protein sequence phylogenetic trees (IQtree) (22).

The selected SC and V2 domains were expressed as recombinant antigens in E. coli, as
described elsewhere (23),(24). Briefly, the SC and V2 domains were cloned into the pET15b
expression vector as dual His (N-terminal) and Myc (C-terminal) tagged recombinant
constructs (Biomatik, USA). A duplicate set of expression constructs were also cloned into the
pGEX-4T-1 expression vector as single-tagged GST (N-terminal) recombinant constructs
(Biomatik, USA), resulting in a total of fourteen recombinant proteins. BL21(DE3) chemically
competent E. coli (Trans, China) was transformed with either the pET-15b or pGEX-4T-1
plasmid constructs, each containing an Ampicillin (Amp) resistance cassette. The transformed
bacteria colonies were cultured in ZY auto-induction media supplemented with 100 pg/ml Amp
at 37°C, 150 rpm overnight (~16 hr) (24). The cells were pelleted at 7500 rfc, resuspended in
1xPBS and lysed using an LM20 microfluidizer (Analytik LTD, UK) under 18,000 psi pressure
units. The dual His-Myc tagged recombinant proteins were affinity purified using an AKTA

Pure purification system (Cytiva, USA) nickel chromatography. Bound proteins were eluted
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using an imidazole gradient. The eluted His-Myc tagged recombinants were further
concentrated using 3kDa ultra concentration units (Merck, Germany). The GST-tagged
recombinant proteins were affinity purified using Glutathione Sepharose 4B beads and purified
in batch mode. No further concentration of the GST tagged proteins was required. Both sets of
recombinant proteins were quantified using the Bradford protein quantification assay (Bio-

Rad, UK).

3.2.3 Serum pools

An ELISA assay was developed to evaluate the reactogenicity of the STEVOR and RIFIN
recombinant proteins (25). A two-fold dilution series was prepared for each recombinant
protein in coating buffer (1.59g/1 NaxCO3 and 2.93g/1 NaHCO:3) starting at 4 pg/ml, down to
0.5 pug/ml. The dilution series for each recombinant was assayed against six positive control
serum pools in addition to a malaria naive negative control pool (PHE: Public Health England),
now known as the UK Health Security Agency (26). All sera were assayed at a 1/200 dilution.
Following incubation, plates were developed using 3,3°,5,5’-tetramethylbenzidine (TMB;
Tebubio: #TMBW-1000-01) and read at 450 nm. Generating a specific serological control for
this study was imperative since it was practically unknown which variants of the STEVOR and
RIFIN families were serorecognised by the tested population, as well as the control pooled
populations. The control serum pools tested for control selection were as follows. Two in-house
control pools together with an international reference standard were: P falciparum
hyperimmune serum pool based on Tanzanian adults positive for Pfinfection (CP3), Gambian
adults hyperimmune control pool (Brefet) and the 10/198 WHO 1% international Pf serum
standard based on Kenyan adult samples (WHO) (27). Three additional pooled controls added

to the panel were: a pool of 40 Ugandan serum samples from individuals aged above 18 years
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with confirmed infection using Loop-mediated isothermal amplification (LAMP) and
confirmed clinical disease (PRISM1), the highest quartile of tested individuals from Uganda
of variable ages with calculated percentile antibody reactivity against in-house established
markers of Pfinfection (PRISM2, n=80), and the highest quartile of tested individuals from the
Bijagos Archipelago, Guinea-Bissau of above 18 years with confirmed infection according to
Pf 18S qPCR, with calculated percentile antibody reactivity against already tested in-house
established markers of Pf infection (DTNMaPa, n=40) (28). Highest population quartiles of
antibody reactivity for PRISM2 and DTNMaPa were calculated based on median fluorescence
intensity (MFI) data of antibodies against the recombinant proteins PA/AMAI1, PMSP1.19,
GLURP.R2, Etramp5.Agl and HSP40, obtained from MagPix multiplex bead-based assay

(29), (Vasileva et. al; DTNMaPa unpublished data).

3.2.4 Detection of optimum recombinant protein antigenicity

After confirming protein seroreactivity using ELISA, the recombinant proteins were
chemically coupled to MagPlex microsphere beads (Luminex) using an eight-fold six-point
dilution series according to established methods (30). Briefly, titration of the coupled beads
was performed against five-point two-fold dilutions of two positive control pools down
selected from the ELISA data (CP3 and PRISM1) and a negative (PHE) control serum pool
starting from 1/200 down to 1/1600 serum dilutions. MFI data was used to calculate the 50%
maximum effect of antibody titres, also known as the EC50 point on a sigmoidal curve. Four
parameter logistic regression was used to calculate the EC50 point per dilution curve, and the
median EC50 point across all dilutions of both controls for each recombinant was selected as

an optimum bead coupling concentration.
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3.2.5 Study samples

Serum samples used for this study were collected during the first series of the cohort studies
from the Program for Resistance, Immunology, Surveillance and Modelling of Malaria in
Uganda (PRISM), conducted between October 2011 and June 2016. The samples come from
Nagongera, Tororo district in Uganda, a rural setting with the highest transmission intensity
district in Uganda. Malaria control interventions were applied from 2014 following the
Ugandan National Malaria Control Program policy, consisting of insecticide treated bed nets,
artemisinin therapies, sulfadoxine-pyrimethamine treatment during pregnancy and the
introduction of indoor residual spraying with bendiocarb every six months between December
2014 and February 2015. For this study samples from two timepoints were selected: 2013 (T1)
pre-interventions samples and 2016 (T4) post-interventions samples reflecting paired samples
coming from a timepoint of high endemicity and a lower endemicity timepoint as a result of
the applied interventions. A total of 505 samples, collected from April to July for both
timepoints were selected, to include the highest peak of malaria transmission per year (June-
July). Samples were stratified in three age groups: 6 months to 5 years, 5 years to 11 years and
over 18 years old. Study participants were closely monitored to identify malaria cases via
passive (participants seeking free healthcare when feeling ill), and active surveillance (routine
visits every 90 days) tested by both microscopy slides and loop-mediated isothermal

amplification (LAMP).

3.2.6 Multiplex bead-based serological assay

MagPlex magnetic beads were coupled with the STEVOR or RIFIN recombinant proteins, with
one expression system per recombinant selected, summarised in Table 1. The recombinants
were complemented in the Luminex assay with additional markers of seroprevalence,

summarised in Supplementary Table 1 (31),(26),(16). Serum samples were diluted at 1/400 in
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antibody elution buffer and incubated overnight (30). The Luminex serology assay was
performed following an optimised standard operating procedure, as described previously (30).
Briefly, serum samples were incubated with the antigen coupled beads, washed with 1xPBS/T,
then incubated with Goat anti-human IgG R-phycoerythrin (R-PE) labelled antibody (Jackson
ImmunoResearch©) for signal detection. A six point five-fold dilution series, starting from 1/10
down to 1/31250 for CP3 and PRISMI1 positive controls, were run per plate for obtaining
standard curve values used for plate-to-plate variation quality control of the assay. Additional
controls included two wells of PHE malaria naive negative controls diluted 1/400 and two wells
of background control containing antibody elution buffer. The plates were read using a
MagPix© bioanalyzer and data was obtained in the form of MFI, a proxy measure of antibody
titres. MFI data was background adjusted and data quality checked by comparing the control
standard curves and using Levy Jennings plots of mean MFI data for assessing plate-to-plate
variations (Supplementary Figures 3.1-3.4). Any plate with data falling outside of the accepted

variation of mean plus/minus 3 standard deviations was repeated (30).

3.2.7 Data analysis

Antigen-specific seropositivity was calculated using mean MFI data plus three times the
standard deviation of the PHE negative serum control per antigen. Samples above the threshold
are termed seropositive and percentage seropositivity per antigen per age group was displayed
for both sample time points, 2013 and 2016 as a figure using R version 4.2.3 statistical software.
The three samples age groups selected were as follow: “6 months — 5 years”; “5 years - 11
years” and “above 18 years”. The proportion percentage seropositivity, accounting for the
differences in samples size between the two time points, was used for calculating the odds ratio
(OR) of being seropositive in 2016 compared to 2013, briefly as follows. Logistic regression
for binomial data distribution model was built to calculate the log odds of being seropositive

in 2016 over being seropositive in 2013, calculated using year and age as covariate, including
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the variables age and year interaction. The logistic regression was adjusted for clustering at the
individual level, using robust standard error method, to account for repeated samples from the
same individuals across multiple years. Data was exponentiated to obtain OR and confidence
intervals (CI). The logistic regression model was built using “glm” function from the “stats”
package and displayed as a forest plot using “forestplot” package in R version 4.2.3 statistical

software.
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3.3 Results

3.3.1 Design and expression of STEVOR and RIFIN recombinant proteins

Dissecting the SC and V2 domains (Figure 1) was critical for successful expression of the
recombinants in an E. coli system, as incorporating malarial proteins specific domains such as
signal peptides and transmembrane domains was likely going to result in protein aggregation
into bacterial inclusion bodies, resulting in insoluble and dysfunctional recombinants (32). All
targets were expressed using both types of plasmids (dual His-Myc tag and single GST tag).
For each of the proteins, one type of recombinant was selected based on multiple factors such
as volume of successful protein expression, concentration of protein after purification and
seroreactivity according to the titrations against the controls, summarised in Table 1. GST
tagged recombinants showed higher reactivity compared to the His-Myc tagged recombinants
(shown in the titration plots in Supplementary Figure 1). The nature of the recombinants could
explain this in terms of semi-conserved region versus large variable domain, where the SC is
expected to be more serorecognised as this region is more conserved between variants, thus
higher reactivity is expected. Additionally, to correct for any potential reactivity to the GTS tag
itself, MFI values against the GST tag alone per sample could be subtracted from the total
sample MFI data. Although, this was not necessary as the seropositivity analysis to GST
showed that none of the samples have MFI values above the seropositive threshold (shown on
Supplementary Table 2). Furthermore, the His-Myc dual tag recombinants show some level of
precipitation after protein purification, which is nullified in the GST-tag expression system
since the GST molecule acts as a solubility factor (33). Despite the molecular differences of
their weigh, 4.5-8.8 kDa for His-Myc and 31.7-40.3 kDa for GST, both tag systems were

comparable in terms of recombinant concentrations (Table 1).
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Figure 1: General structure of the RIFIN and STEVOR proteins showing the domain architecture of the
proteins and the approximate length in amino acids of their variable domains (V2) and semi-conserved
domains (SC). Transmembrane regions were identified using the TMHMM v.2.0 transmembrane
domain prediction server. (Figure adapted by Zhoe E. Albert et. al (2019), mSphere; Created by Vasileva

H. with BioRender.com)

Table 1: Summary of recombinant STEVOR and RIFIN proteins selected.

Reference Name Recombinant Molecular Mol. weight  Concentration EC50°

Name?® Tag (kDa) (ug/mL) (ug/mL)
Pf3D7_1300900 STEVOR1_SC GST 38.02 593.30 3.70
Pf3D7_0832600 STEVOR6_SC GST 38.55 1049.20 12.85
Pf3D7_0353200 STEVOR5_SC GST 38.71 1109.10 2.95
Pf3D7_0732400 RIFIN3_V2 GST 40.26 1193.30 7.05
Pf3D7_1300900 STEVOR1_V2 His-Myc 4.44 842.30 3.30
Pf3D7_0832600 STEVOR6_V2 His-Myc 4.66 448.20 2.90
Pf3D7_0732400 RIFIN3_SC His-Myc 4.90 504.30 14.00

?Semi-conserved domain recombinant (SC); Large variable domain recombinants (V2)
> Protein titration plots for the selection of optimum protein concentration (EC50 point of
saturation) are displayed as Supplementary Figure 1.

PRISM1 is a pool of 40 LAMP positive Ugandan samples that had the highest reactivity against
all recombinants compared to the rest of the tested serum pools, as shown in Figure 2.
Moreover, the tested samples in this study were from the same geographical population as the

selected control pool, making it the best control candidate for the study. As per the
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recombinants, there is an overall higher reactivity to the SC domains compared to the V2

domains, more prominently observed in STEVOR1 and RIFIN3, shown in the last plot in

Figure 2.
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Figure 2: ELISA results of control serum pools (1/200 serum dilution), challenged against four steps
six-fold dilution series of each recombinant protein. Brefet: Serum pool of hyperimmune adults from
The Gambia; CP3: LSHTM in house serum pool of hyperimmune Tanzanian adults; DTNMaPa: Serum
pool of 40 Pfinfection confirmed adults, with high antibody responses to Pf markers of exposure from
Bijagos Archipelago, Guinea-Bissau; PRISM1: Serum pool of 40 Ugandan adults with confirmed Pf
infection and clinical disease; PRISM2: Serum pool of 80 Ugandan all age individuals with high
antibody responses to established Pf markers of exposure; WHO: WHO 1* international Pf'serum from

Kenyan adult population. The control serum selected from this experiment is PRISM1, indicated in red.
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The last plot of the series demonstrates the seroreactivity of all recombinants against PRISM1, with

color-coded intensity in descending order.

3.3.2 Sample summary statistics.

There was a decrease of 37% of samples used in the study between 2013 and 2016 from 310
to 195, respectively, due to a change of the regime in sampling from all samples collected at
two time points per year in 2013, to collection of samples over a period of 3 months in 2016
form the same study participants, indicated in Supplementary Figure 2. The decrease in malaria
cases confirmed using microscopy and LAMP from 217 to 40 cases, accounting for more than
50% decrease, summarised in Table 2, is explained by the introduction of the control
interventions in the population in 2014, as demonstrated in previous studies (4),(34). A paired
sample t-test indicated a significant difference of malaria prevalence per age group between
the time points with a p-value of < 0.001. The uneven distribution of sample size between the
different age groups observed for both time points was due to limited availability of PRISM
samples, particularly samples belonging to the abovel8 years age group with only one Pf

positive sample for 2016.

Table 2: Summary statistics of the longitudinal cohort PRISM study population.

2013, n (%)

2016, n (%)

Total, n (%)

Sample size 310(61.39) 195 (38.61) 505 (100.00)
Age strata

6 months — 5 years 71 (22.90) 45 (23.08) 116 (22.97)
5years—-11years 152 (49.03) 139(71.28) 291 (57.62)
> 18 years 87 (28.06) 11 (5.64) 98 (19.41)
Parasitemia positive

by age group *

6 months — 5 years 49 (69.01) 6(13.33) 55(10.89)
5years—-11years 116 (76.32) 33(23.74) 149 (29.50)
> 18 years 52 (59.77) 1(9.09) 53(10.50)
Total 217 (70.00) 40 (20.51) 257 (50.89)
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*Parasitaemia positive refers to participants positive for P. falciparum measured by LAMP or
microscopy, or both, with significant difference of malaria prevalence (%) across age groups
between the two sampling time points. A large proportion of samples (74%) in 2013 are paired to
those in 2016, graphically displayed in Supplementary Figure 2.

3.3.3 Age-related seropositivity

There was an overall reduction in seroprevalence for the majority of the panel antigens tested,
as well as the STEVOR and RIFIN recombinants, between 2013 and 2016, most prominently
observed in the “6 months to 5 years” and “5 years to 11 years” age groups, as shown in Figure
3. The exception was RIFIN3 SC recombinant with higher seroprevalence in 2016 samples
compared to 2013. However, this trend was not reflected in the “above 18 years” age group,
potentially confounded by the large samples size difference between the two time points with
only one confirmed malaria positive sample in 2016, compared to 52 samples in 2013. For the
2013 samples (pre-intervention), seroprevalence for all short-term markers increased with age.
For all the long-term markers of exposure, seroprevalence increased with age at both
timepoints. Responses to MSP2.Dd2 in 2013 followed the same tendency but by contrast, in
2016, there was a decline of seroprevalence with increasing age, although not significant.
Higher seroprevalence was observed against the tested recombinants semiconserved domains,
particularly for STEVORI1 SC, except for RIFIN3 SC, which presented with lower
seroprevalence compared to the variable region. For the youngest age group there was little to
no seroprevalence against all STEVOR and RIFIN variable domains compared to their
semiconserved regions, possibly reflecting a lack of exposure to the variant types.
Seropositivity thresholds are summarised in Supplementary Table 2, and absolute values to the
relative percentage values are summarised in Supplementary Table 3. Extremely low to no
seroprevalence to tetanus toxoid (Tet.tox) after calculating the threshold serves as a control for
the assay. Given that 97% of the global population is vaccinated against Clostridium tetani, all

samples, including those from malaria-naive individuals (PHE samples) are expected to show
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seropositivity to the toxoid, thus applying a threshold of mean PHE MFI + 3SD is high
considering expected high seroreactivity will present with a threshold high enough to

encompass all samples within.
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Figure3: Population seroprevalence (%) per survey year for A) long-term markers; B) short, medium-
term markers C) STEVOR/RIFIN recombinants and D) internal serology control, stratified by age
group. Seroprevalence threshold per recombinant was selected using a cut off mean MFI from PHE
negative samples plus three times the standard deviation. Bar plots are paired colour coded, for visual
representation of differences in seroprevalence between the two surveyed years. Tet.tox represents the
internal positive human serological control. Seroprevalence of 0% is indicated with an asterisk and

exact seroprevalence percentages are summarised in Supplementary Table 2.

108



The odds of being seropositive in 2016 over 2013 increased with age for all markers of infection
as well as the STEVOR/RIFIN recombinants with the exception of GEXP18 (6 months — 5
years: OR = 0.33, CI =0.07 - 1.58; 5 years — 11 years: OR = 0.33, CI = 0.14 - 0.76; above 18
years: OR = 0.24, CI = 0.03 - 1.94) and R3 V2 (6 months — 5 years: OR = 1.59, CI = 0.03 -
81.72; 5 years — 11 years: OR =0.83, CI =0.18 - 3.76), as summarised in Figure 4. This trend
is consistent with the understanding that acquired immunity to malari is both age- and
exposure-dependent. Adults, having been exposed to P. falciparum infection for longer periods,
are more likely to have developed immunity, resulting in higher seropositivity rates (having
detectable antibodies against specific infection markers). In contracts, children, due to their
lower cumulative exposure to the parasite, tend to have lower antibody levels and,

consequently, lower seropositivity rates.

For the tested STEVOR and RIFIN recombinants, the odds of seropositivity also increased
with age, although this trend was less pronounced compared to the short- and long-term
markers of exposure. It can be noted that the precision of the OR estimates for the STEVORs
and RIFINs is generally lower, as illustrated by the large confidence intervals. This trend is
also observed for the majority of markers of exposure in the above 18 age group. There trends
can be attributed to the overall lower number of seropositive individuals for STEVORs and
RIFINs, as well as the small sample size of the above- 18 age group, outlined as a limitation of

the study.
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A) 6 months - 5 years

AMA1 0.28 (0.12, 0.63) -—
MSP1.19 0.54 (0.23, 1.26) ——
GLURP.R2 0.32 (0.15, 0.70)
MSP2.CH150 1.62 (0.03, 82.84)
MSP2.Dd2 0.18 (0.04, 0.81) -—
Etramp5.Ag1 0.62 (0.29, 1.33) —
Etramp4.Ag2 0.44 (0.09, 2.21) —_—
HSP40.Ag1 0.07 (0.00, 1.29) —
Hyp2 0.31 (0.01, 8.70)
GEXP18 0.33 (0.07, 1.58) -
Rh2.2030 0.43 (0.17, 1.10) -
81_SC 0.18 (0.06, 0.57) -—
S5_SC 0.39 (0.04, 3.57)
$6_SC 0.25 (0.03, 2.15) R
R3_SC 1.61 (0.10, 26.46)
S1_V2 0.52 (0.02, 13.14)
S6_V2 3.35 (0.29, 38.04)
R3_V2 1.59 (0.03, 81.72)
o 1 2 s+ s s :
Odds Ratio (with 95% CI)
B) 5 years - 11 years
AMA1 0.35 (0.15, 0.82) -
MSP1.19 0.70 (0.44, 1.13) ——
GLURP.R2 0.40 (0.23, 0.68) -—
MSP2.CH150 1.1 (0.02, 56.19)
MSP2.Dd2 0.39 (0.24, 0.66) -—
Etramp5.Ag1 0.67 (0.42, 1.07) ——
Etramp4.Ag2 0.62 (0.35, 1.09) —-—
HSP40.Ag1 0.31 (0.086, 1.50) —-—
Hyp2 1.11 (0.27, 4.53)
GEXP18 0.33 (0.14, 0.76) -—
Rh2.2030 1.18 (0.74, 1.87) T
81_SC 0.64 (0.38, 1.06) ——
S5_SC 0.46 (0.12, 1.83) ——T
S6_SC 0.75 (0.36, 1.55) ——
R3_SC 2.25 (0.41, 12.49)
S1.V2 2.84 (0.54, 14.86)
S6_V2 2.27 (0.56, 9.26)
R3_V2 0.83 (0.18, 3.76)
o 1z s 4 5 s 7 '
Odds Ratio (with 95% CI)
C) > 18 years
AMA1 1.18 (0.06, 23.42)
MSP1.19 0.45 (0.13, 1.62) ——
GLURP.R2 1.18 (0.06, 23.42)
MSP2.CH150 8.04 (0.15, 425.13)
MSP2.Dd2 1.41 (0.39, 5.14)
Etramp5.Ag1 0.79 (0.22,2.77) —
Etramp4.Ag2 0.58 (0.15, 2.35) _
HSP40.Ag1 0.47 (0.06, 3.93)
Hyp2 1.05 (0.12, 9.29)
GEXP18 0.24 (0.03, 1.94) -—
Rh2.2030 0.94 (0.27, 3.31) —
81_SC 1.33 (0.32, 5.49)
S5_SC 0.34 (0.02, 6.23)
S6_SC 1.42 (0.34, 5.88)
R3_SC 2.97 (0.28, 31.28)
S1.V2 0.57 (0.03, 10.84)
S6_V2 0.91 (0.10, 7.96)
R3_V2 0.85 (0.04, 16.74)
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Figure 4: Forest plot of odds ratio analysis per recombinant antigen of being seropositive in 2016
compared to 2013, calculated in seroprevalence (%), stratified by age: A) 6 months to 5 years old, B) 5
years to 11 years old, and C) more than 18 years old. Squares graphically represent the calculated and
summarised in the table’s ORs with 95% confidence intervals (Cls) as whiskers. Cls of above 10 are
not graphically represented but are displayed in the table on the left. Grey lines separate the antigens
into three groups: long-term markers of infection, short-term markers of infection and STEVOR/RIFIN

recombinants from top to bottom.
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3.4 Discussion

This study demonstrates methods for expression of STEVOR and RIFIN protein domains as
recombinant proteins, exploring their potential use as serosurveillance tools by comparing them
to previously confirmed markers of P. falciparum exposure, using the multiplex suspension

technology: Luminex (16),(26),(31).

The study is comparing two methods of recombinant expression in E. coli bacterial systems: a
single GST tag plasmid and a dual His-Myc tag plasmid technology. The SC recombinants tend
to express better with the single tag GST system, and because of their higher conservation
between variants, it is expected higher serorecognition compared to the V2 recombinants (35).
The dual tag recombinants represent the V2 domains of selected STEVOR members which are
expected to generate comparatively lower antibody response due to antigenic variation and the
lack of knowledge if the samples tested in this study have been exposed to these specific
variants. This trend is also observed in the ELISA results of the tested control pools. Variations
in protein expression even within a single tag system is an established factor, clearly
demonstrated in this study where the STEVOR SC and RIFIN V2 domains expressed better
with a GST tag system, and the His-Myc system was preferred for the STEVOR V2 and RIFIN
SC domains (36),(37). Some of the reactivity detected could potentially be against the GST tag
molecule alone, a naturally occurring enzyme molecule in the parasite Schistosoma japonicum
(38). There was no data available about past infections of Schistosoma for the participants used
in this study, hence it was impossible to determine if there was residual antibody reactivity to
the GST tag. To eliminate this as a possibility, a GST recombinant alone was included in the
recombinant antigen panel for potentially subtracting reactivity values detected against the tag
alone. Moreover, using UK control serum for calculating the threshold can overestimate the
seroprevalence, since it is expected higher background reactivity of African endemic samples
to GST, compared to UK control samples of individuals who never travelled to Africa. To
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mitigate for this overestimation a stringent threshold of mean plus three standard deviations
was used which was above the highest read out of endemic samples against the GST tag
recombinant antigen alone. Therefore, a decision not to subtract the GST seroreactivity from
the detected MFI values against the GST tagged recombinants was made as after performing
the seropositivity threshold analysis there were no antibody responses against GST detected
above the threshold for any of the samples (data available in Supplementary Table 2). The GST
tag is used as a solubility factor which perhaps could influence the performance of the
recombinants (33). This argument is supported by the detected precipitation of the His-Myc
dual tag recombinants. Nonetheless, there was no significant difference in protein yield when
comparing both systems, thus a decision that the tag expression system did not significantly
affect the production of recombinants was made and the recombinants with the system resulting
in higher yield was individually selected per recombinant. Using two different protein
expression tag systems can be regarded as a limitation of the study. However, as these were not
conformation proteins, there was little need to explore other more disparate expression systems
such as yeast or wheat germ. The proposed construct design was based on expertise within the
laboratory group and lent itself well to expression of the targets irrespective of the tag system
used (39),(40). Moving forward, the optimum solution will be to focus on only one expression

system.

Tested samples selected from the two time points of the PRISM longitudinal cohort, 2013 and
2016, were predominantly paired samples, with 74% of the 2016 samples paired with those
from 2013. Thus, observing differences in antibody responses to the recombinants before and
after intervention is done on the same population, where some of the samples would move from
one age group to another between 2013 and 2016. This sample selection allows for an
evaluation of the reduction in seroreactivity and serorecognition over time due to the

implementation of interventions, leading to a statistically significant (paired t-test p-value <
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0.001) reduction in P. falciparum malaria prevalence in 2016. It is important to note that
following the implementation of interventions, a decrease in seroprevalence is expected due to
reduced exposure to Plasmodium falciparum. This trend is evident in the seropositivity
analysis, where a decline in seroprevalence to all markers of exposure across all age groups
was observed (43). However, the seropositivity analysis shows higher population
seroprevalence to a few of the variant recombinants (STEVORI1 SC, STEVOR6 SC,
RIFIN3 SC) in 2016 as opposed to 2013 for the “above 18 years” age group. There are a few
possible explanations for this observation. These recombinants represent the semi-conserved
regions of the variants to which higher serorecognition is expected due to high domain
conservation, leading to cross reactivity between variants (35). In addition, the low sample size
of the adult age group in 2016 can significantly impact the calculation of seroprevalence and
introduce bias to the analysis and interpretation of the data (44). Consequently, the focus of
further discussion is directed mainly on the results from the other two age groups, which in
turn is with a higher importance to the posed question since particularly children under 5 years
of age have a naive immune system and changes in antibody responses due to external or
internal pressure can be detected with higher precision and sensitivity. As well as for the 5 years
to 11 years of age group it is known to be the age group with the most exposure to infection
(45). Another potential limitation was the fact that despite the selected high reactivity serum as
a control, it is still possible that some of the recombinant’s reactivity is not captured due to their

hypervariability nature.

Calculated seropositivity on the antigen-specific responses between time points and across age
groups were directly compared without adjusting for total IgG. Adjusting for total IgG was not
necessary because seropositivity thresholds inherently account for baseline variability in the
dataset, making the additional IgG adjustment redundant. The additional adjustment would

have been necessary if there was a significant variability in total IgG levels in the populations
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due to factors such as age, nutritional status, or immunosuppression, as these could confound
antigen-specific measurements. It is also important when comparing populations with differing
baseline immune profiles or studying immunocompromised groups to ensure fair and unbiased
comparisons. In the case of this study the comparison of seropositivity was done on paired

samples coming from the same individuals for both time points.

While few studies have been conducted analyzing the humoral response of STEVORs and
RIFINSs, similar to PFEMP1, IgG antibody responses have been correlated with age and it has
been observed that children with high anti-RIFIN and anti-STEVOR antibody titers had a
reduced risk of febrile malaria (46). Consistent with these findings, there is an observed
increase of seroprevalence to STEVORs and RIFINs with age, most pronounced in the case of
STEVORG6_SC. Furthermore, all age groups have some seroprevalence calculated against the
semi conserved recombinants, where for the variable domain recombinants the younger age
groups present with 0% seroprevalence, perhaps reflecting the lack of exposure to these
variants. The fact that infants lose their maternal antibodies after 6 months of age could explain
these results, as the variable domain forms a surface-exposed loop that is highly variable due
to a high recombination rate, a mechanism that the parasite uses for immune system evasion
(13)'(48). Their location in the sub-telomeric region of the parasite’s chromosomes facilitates
the mechanisms that induce hypervariability within genes, playing a role in P. falciparum’s
antigenic variation (13)/(49). Apart from their high variability, they are under the host’s

immune pressure which amplifies the variable repertoire of these proteins (49)(50).

Since the SC domain has higher likelihood of recognition compared to V2, it is possible that
contribution to the acquisition of NAI is restricted to the semiconserved region. However, the
current data does not suggest that anti-STEVOR and anti-RIFIN antibodies play a major role

in immunity, further studies comprised of a larger library of variants from the STEVOR and
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RIFIN protein families are needed. Additionally, the role of anti-STEVOR antibodies in
immunity can be tested through functional assays, such as invasion or growth inhibition assays,
and passive transfer studies in animal models or humans to evaluate their protective potential.
Furthermore, longitudinal or case-control studies in endemic populations, antibody depletion
experiments, and vaccination models can help determine their functional significance and

correlation with protection against malaria.

The odds ratio (OR) analysis showed that odds of increased seropositivity in 2016 compared to
2013 is greater in the older age groups. These observations are all expected due to the known age
and exposure dependent acquired immunity to P. falciparum exposure (14)(16). Nevertheless, all
markers of exposure as well as the tested novelle recombinants show higher odds of
seropositivity with increasing age. However, a key limitation of the study is the overall low
precision of odds ratio estimates for STEVOR and RIFIN recombinants and for all markers of
exposure for the above 18 years age group, driven by the overall low number of seropositive
individuals for the tested recombinants and the small sample size in the adults age group. To
mitigate this limitation, more STEVOR and RIFIN recombinants should be tested, and the sample
size should be increased. However, this was unavoidable due to the limited availability of residual
samples from the PRISM study. This study reports STEVOR and RIFIN variants expressed as
antigen recombinants using various in silico tools and an E. coli bacterial expression system.
Our data shows that tested STEVOR and RIFIN recombinants follow the same trends of
seropositivity to the already established panel of antigen markers of exposure, thus we propose
that members of these protein families could potentially be regarded as novel markers of P.
falciparum exposure in serosurveillance (16)(26). However, due to the hypervariability
between variants, further studies comprised of a larger library of variants representing the

STEVOR and RIFIN families should be compiled to strengthen the findings of this study.
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3.8 List of non-standard abbreviations

e Pf: Plasmodium falciparum

e [E: Infected Erythrocyte

e VSA: Variant Surface Antigen

e PfEMPI: Plasmodium falciparum Erythrocyte Membrane Protein 1
e RIFIN: Repetitive Interspersed Family

e STEVOR: Subtelomeric Variable Open Reading Frame family
o PMC-2TM: Plasmodium falciparum Maurer’s Cleft 2 Transmembrane family
e SURFIN: Surface Associated Interspersed family.

e SP: Signal Peptide

e SC: Semi Conserved domain

e V1, V2: Variable domain 1, Variable domain 2

e HSP40.Agl: Heat-Shock Protein 40

e Hyp2: Hypothetical Protein 2

e Etramp5.Agl: Early Transcribed Membrane Protein 5

e FEtramp4.Ag2: Early Transcribed Membrane Protein 4

e GEXP18: Gametocyte Export Protein 18

e Rh2.2030: Reticulocyte Binding Protein Homologue 2

e EBAs: Erythrocyte Binding Antigens

e AMAI: Apical Membrane Antigen 1

e MSPI1.19: Merozoite Surface Antigen 1

e MSP2.Dd2: Merozoite Surface Antigen 2, Dd2 allele

e MSP2.CH150: Merozoite Surface Antigen 2, CH150 allele

e GLURP.R2: Glutamate-Rich Protein, Region 2
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PRISM: Program for Resistance, Immunology, Surveillance and Modeling of Malaria
in Uganda

DNTMaPa: Malaria and Neglected Tropical Diseases mapping survey, Guinea-Bissau.
GST: Glutathione S-transferase protein

LAMP: Loop-mediated Isothermal Amplification

MFI: Median Fluorescence Intensity

ITN: Insecticides Treated Nets

IRS: Indoor Residual Spraying

OR: Odds Ratio

CI: Confidence Interval

LILRBI: Leucocyte Immunoglobulin-Like Receptor Bl

LAIRI: Leucocyte-associated Immunoglobulin Receptor 1

NK: Natural Killer cell
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3.10 Supplementary materials
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Supplementary Figure 1: Recombinant proteins titrations on MagPlex microsphere beads against two

RIFIN3_V2 (ug/mL)

positive controls: pool serum from Tanzania (CP3) and pool serum from Uganda (PRISM1). Optimum

coupling concentration (EC50 point of saturation) was calculated using the median EC50 value obtained

RIFIN3_SC_HisMyc_CP3

from all curves subjected to 4-parameter logistic regression.
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indicated in the red rectangles, 74% are paired samples between the 2013 and 2016 timepoints.
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Supplementary Figure 3.1: Control standard curves of PRISM1 from 1/10 down to 1/31250 serum

dilution for plates 1 to 5 of Luminex assay for the following antigens: S1_SC: STEVOR1 _SC, S1_V2:

STEVOR1 V2, S6 SC: STEVOR6 SC, S6 V2: STEVOR6 V2, S5 SC: STEVORS5 _SC, R2 SC:

RIFIN3_SC.
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Supplementary Figure 3.2: Control standard curves of PRISM1 from 1/10 down to 1/31250 serum

dilution for plates 1 to 5 of Luminex assay for the following antigens: R3_V2: RIFIN3 V2, HSP40.Agl,

Hyp2, Etramp5.Agl, Etramp4.Ag2, Rh2.203.
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Supplementary Figure 3.3: Control standard curves of PRISM1 from 1/10 down to 1/31250 serum

dilution for plates 1 to 5 of Luminex assay for the following antigens: GEXP18, AMA1, MSP1.19,

MSP2. Dd2, MSP2, CH150, GLURP.R2.
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Supplementary Figure 3.4: Control standard curves of PRISM1 from 1/10 down to 1/31250 serum

dilution for plates 1 to 5 of Luminex assay for the following control recombinants: Tet.tox and GST.
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Supplementary Table 1: Summary of previously established Plasmodium falciparum markers of

infection exposure complementing the studied STEVOR and RIFIN recombinant proteins.

Transferase

japonicum

proteins control

Recombinant Protein Name Protein Species | Exposure Expression

Antigen marker system

AMA1 Apical Membrane | Plasmodium Long-term marker | His-tag E. coli
Antigen 1 falciparum

MSP1.19 Merozoite Plasmodium Long-term marker | GST-tag E. coli
Surface Protein 1 | falciparum

GLURP.R2 Glutamate-Rich Plasmodium Long-term marker | GST-tag E. coli
Protein Region 2 | falciparum

MSP2.Dd2 Merozoite Plasmodium Short-term GST-tag E. coli
Surface Protein 2, | falciparum marker
Dd2 allele

Etramp5.Agl Early Transcribed | Plasmodium Short-term GST-tag E. coli
Membrane falciparum marker
Protein 5

Etramp4.Ag2 Early Transcribed | Plasmodium Short-term GST-tag E. coli
Membrane falciparum marker
Protein 4

Rh2.2030 Reticulocyte Plasmodium Medium-term GST-tag E. coli
Binding Protein | falciparum marker
Homologue 2

HSP40.Agl Heat-Shock Plasmodium Short-term GST-tag E. coli
Protein 40 falciparum marker

Hyp2 Hypothetical Plasmodium Short-term GST-tag E. coli
Protein 2 falciparum marker

GEXP18 Gametocyte Plasmodium Short-term GST-tag E. coli
Exported Protein | falciparum marker
18

Tet.tox Tetanus toxoid Clostridium Immunization GST-tag E. coli

tetani antigen, serology
control
GST Glutathione-S- Schistosoma GST-tagged GTS-tag E. coli
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Supplementary Table 2: Summary table of mean MFI values of PHE negative controls and calculated

seropositivity thresholds of PHE mean MFI plus three times standard deviation, per antigen.

Antigen Mean PHE (MFI) 3SD cut-off (MFI) Highest positive MFI
STEVOR1_SC 303.20 1580.84 21942.75
STEVOR1_V2 146.43 463.57 2147.50
STEVOR6_SC 253.65 1182.37 20903.50
STEVORG6_V2 229.97 692.81 3427.75
STEVOR5_SC 221.48 651.31 7734.00
RIFIN3_SC 220.61 1044.30 4422.50
RIFIN3_V2 245.83 767.67 6965.50
HSP40.Agl 962.02 2861.01 16741.00
Hyp2 894.38 2595.58 12091.00
Etramp5.Agl 260.74 725.93 42320.50
Etramp4.Ag2 979.62 3044.99 37020.50
Rh2.2030 378.96 1609.28 31749.00
GEXP18 518.18 1712.87 15867.50
AMA1 220.38 662.60 35201.50
MSP1.19 792.07 2362.44 33881.50
MSP2.Dd2 1022.31 11100.98 40267.75
GLURP.R2 153.93 478.74 52300.00
Tet.tox 13019.20 26842.07 29119.50
GST 337.34 985.23 897.25
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Supplementary Table 3: Summary of population seroprevalence per survey year for each recombinant

antigen.
2013 Seroprevalence n (%) 2016 Seroprevalence n (%)
Age strata 6 months 5years—11 >18years 6 months 5years— >18 years
—5years years — 5 years 11 years
Long-term
markers
PTAMA1 58 (79.45) 144 (94.74) 87 (94.57) 24 (53.33) 120 (86.33) 0 (0.00)
PFMSP1.19 25 (34.25) 65 (42.76) 66 (71.74)  10(22.22) 48(34.53) 6 (54.55)
MSP2.Dd2 15 (20.55) 64 (42.11) 51 (55.43) 2 (4.44) 31(22.30) 7 (63.64)
GLURP.R2 47 (64.38) 124 (81.58) 87(94.57) 17(37.78) 89 (64.03) 0 (0.00)
Short-term
markers
HSP40.Agl 9(12.33) 7 (4.61) 16 (17.39)  0(0.00) 2 (1.44) 1(9.09)
Hyp2 2(2.74) 4 (2.63) 8 (8.70) 0 (0.00) 4 (2.88) 1 (0.00)

Etramp5.Agl 34 (46.58) 75(49.34) 55(59.78) 16 (35.56) 54 (38.85) 6 (54.55)
Etrampd.Ag2  7(9.59)  38(25.00) 36(39.13) 2(4.44) 24(17.27) 3(27.27)
Rh2.2030 22(30.14) 78(51.32) 51(55.43) 7(1556) 77 (55.40) 6 (54.55)
GEXP18 9(12.33) 24(1579) 27(29.35) 2(4.44)  8(5.76) 1(9.09)

Hypervariable
recombinants
STEVOR1 SC  25(34.25) 51(33.55) 20 (21.74) 4 (8.89) 34 (24.46) 3 (27.27)

STEVOR1 V2 1(1.37) 2(1.32) 6 (6.52) 0 (0.00) 5 (3.6) 0 (0.00)
STEVOR6_SC 6 (8.22) 20 (13.16) 19 (20.65) 1(2.22) 14 (10.07) 3 (27.27)
STEVOR6_V2 1(1.37) 2(1.32) 9 (9.78) 2 (4.44) 6 (4.32) 1(9.09)
STEVOR5 SC 4 (5.48) 7(4.61) 10(10.87) 1(2.22) 3(2.16) 0 (0.00)
RIFIN3_SC 1(1.37) 2(1.32) 3(3.26) 1(2.22) 4 (2.88) 1(9.09)
RIFIN3 V2 1(1.37) 4 (2.63) 4 (4.35) 0 (0.00) 3(2.16) 0 (0.00)
Internal

Controls

Tet.tox 1(1.37) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)
GST 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)
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Chapter 4: Methods for mapping the variability of STEVOR

protein sequences

Linking material to Chapter 5

4.1 Introduction

Following the discussion and conclusions made in Chapter 3, a hypothesis that members of the
STEVOR protein family have a potential to be explored as markers of infection exposure to P
falciparum was made, although further analysis using more STEVOR variants is needed (1).
Given that each parasite genome encodes 30 to 40 unique STEVOR variants, with a single
variant being expressed during a polyclonal infection, it is necessary to determine which
variants to express and investigate further (2). To do so, it was essential to examine the
variability between each of the family members and understand their relationships, which
would facilitate the selection of representative variants for the creation of a STEVOR

recombinant antigen library.

This chapter describes the analysis of protein sequence data to explore the sequence variability
within the STEVOR protein family. The information obtained was used to select the most
appropriate methodology to facilitate informed decision-making for the selection of variants
for the construction of STEVOR recombinant protein library. Numerous methodologies already
exist for exploring the genetic relationships among sequences derived from the same organism,
such as sequence motif and pattern analysis, identifying sequence features and functions, and
an automated method for identifying patterns such as machine learning and pattern recognition
(3). Other methods such as phylogenetic trees and the application of dissimilarity matrices for

data clustering using k-means (unsupervised algorithm for grouping based on similarity and

141



choice of number of clusters: k), each with its own set of advantages and limitations are

discussed and utilised in this study (4),(5).

Phylogenetic analysis is commonly used to explore the relationship among distinct strains of
the same organism in order to track mutations and recombination events (4). It is also a
powerful tool in tracking the spread of infections geographically, identifying epidemic hot-
spots and movement trends (6). Recent example of this approach has been demonstrated in
multi-disease tracking sites such as GISAID (https://gisaid.org/) and Nextstrain
(https://nextstrain.org/) (7),(8). However, these require huge amounts of resources, are driven
by large amounts of data and call for the performance of a large number of permutations in the
form of bootstrapping in order to select the most probable positioning of the sequences in the
tree (4). Moreover, there is a need for the selection of a reference sequence to be used to “root”
the tree for graphical representation which could introduce bias to the analysis. With highly
variable sequence families such as STEVOR, some of these issues can be mitigated by using a
dissimilarity matrix for two-dimensional data representation and grouping via k-means
clustering. This method relies on a distance matrix derived from a phylogenetic analysis,
offering an alternative approach. However, this approach also presents challenges, particularly

in terms of stability and reproducibility (9).

The k-means grouping is a simple, easy to implement and highly efficient when applied on
large data sets, an approach aiming to minimise variation withing a group (k) while keeping
the distance between groups as large as possible (5). However, this approach is highly
dependent on the choice of centroid, the central point of each cluster determining the maximum
distance allowed within a cluster, as well as the number of clusters selected to force the data
in. Selecting correctly both of those parameters is crucial for k-means analysis, where the
selection of optimum number of k-means is inheritably arbitrary (5). Moreover, the k-means
analysis is sensitive to outliers and assumes a linear data structure, thus does not perform well
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on data sets with complex, non-linear structure, such is the relationship between STEVOR V2

variants (5),(9).

This chapter introduces a new computational model designed to explore the similarity and
dissimilarity of the STEVOR proteins sequence data. While this method has demonstrated a
high-level of reproducibility, it’s advantages and limitations are further compared and
contrasted with the two conventional techniques introduced above. The three methods are
performed to map the variation within STEVOR protein sequences from the 3D7 P. falciparum

reference strain as proof of concept.

4.2 Methods

4.2.1 Protein sequences alignment and hypervariable domain isolation

A total of 43 STEVOR amino acid sequences, representing all 3D7 P. falciparum reference
strain  STEVOR variants available, were downloaded from PlasmoDB database
(https://plasmodb.org/plasmo/app) (10). The amino acid sequence “Pf3D7 0632500” was
excluded from the further analysis due to being annotated as an “P. falciparum erythrocyte
membrane protein 1 (P/EMP1)”, leaving a total number of 42 STEVOR protein sequences, in
a fasta file format. A multiple alignment of the 42 sequences (Figure 1) was performed using
the MAFFT software on a Windows 10 terminal using a G-INS-I strategy with global pair with
Smith-Waterman algorithm pairwise alignment and a gap extension penalty for group-to-group
variation with a default value of 0.123 (11),(12). This algorithm is designed for sequences with
global homology, aligning the entire sequence from two sequences against each other in a

pairwise matter and preventing introductions of gaps (13),(14).

No misalignments were observed, and no manual realignment was performed. The large
variable domain (V2) was isolated from the alignment by taking the sequences between the

two transmembrane domains (2xTM), identified using the trans-membrane prediction software
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(TMHMM2.0), found to be between amino acid position 158 and amino acid 215 (15). The

protein sequence PlasmoDB names and the adapted V2 sequence names can be found in Tablel.

4.2.2 Mapping STEVOR variation using phylogenetic trees.

A substitution model best fitting the sequences data was tested in IQtree (Version 1.6.12
Windows 10), and the JTT+F+G4 model was selected as best likelihood model according to
the Bayesian Information Criterion (BIC) for balancing the goodness of fit in the model with
the number of parameters used in the model (16),(17). This model was selected after testing
the sequence data through all possible substitution models, where the selected model had the
highest likelihood value of compatibility with the provided data. A bootstrap analysis
containing 1000 replicates was performed using the selected substitution model, optimised
using a hill-climbing nearest neighbour interchange (NNI), for reducing the risk of
overestimating branch support, resulting in genetic tree presented in Newick format (18). The
tree was visualised using FigTree (v1.4.4) a molecular evolution, phylogenetics and

epidemiology software, (Figure 2) (19).

4.2.3 Mapping STEVOR variation using k-means and dissimilarity matrix.

The genetic tree was further transformed from Newick format into a “. tre” file and loaded in
R 4.3 computational platform to obtain the distance matrix using “ape” package. Further the
correlation (distance) matrix was transformed into a dissimilarity matrix calculated using
“magrittr” package and multidimensional scaling (MDS) was applied with 2 dimensions using
k-means from one to maximum logical cluster number, in this case 11, illustrated in Figure 3.

The choice of centroid for each cluster was random.
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4.2.4 Mapping STEVOR variation using sequence digitalisation and principal

component analysis.

Since protein sequence data is qualitative, the sequences were converted into numerical values
in order to calculate the estimated quantitative relationship between them. Therefore, the 42
STEVOR V2 domain aligned amino acid sequences were digitised into binary Boolean vectors,
briefly as follows. Each amino acid position of each of the protein sequences was challenged
for the presence or absence of each amino acid present in the P. falciparum proteome (n=21).
Results were recorded in 21 long vectors of data (Boolean vector) with presence recorded as 1
and absence as 0. Furthermore, a score of each 21 vectors was calculated. The 21 Boolean
vectors were further piled into a multidimensional matrix and subjected to Singular Value
Decomposition (SVD), resulting in distance matrix of Euclidean distances (sPCs) reflecting
the distance relationship between each of the protein sequences to one other (20),(21). The sPC
matrix was further subjected to a principal component analysis (PCA) and the first two
principal components were displayed into two-dimensional plots in Figure 4 (9). All analysis

and visualisation were performed using R 4.3 computational platform.
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4.3 Results

There was a substantial variability present within the aligned V2 region of all 42 3D7 STEVOR
sequences, where Figure 1 provides a visual depiction of the amino acid variability of each

sequence.
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g
1
B

3D7_12541
3D7_14795
3D7_7320
3D7_7004
3D7_3004
3D7_6319
3D7_4008

3D7_1018
3D7_3246
3D7_900%
3D7_8329
3D7_14007

3D7_1154
3D7_14799
3D7_2004
3D7_10402
3D7_2013
3D7_13009
3D7_1146
3D7_11499
3D7_8324
3D7_4015
3D7_6176
3D7_9016
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Figure 1: MAFFT multiple alignment of 42-variable domain 3D7 STEVOR sequences performed using G-INS-I
with Smith-Waterman pairwise algorithm and gap extension penalty for group-to-group variation value of 0.123
according to BIC, displayed using AliView open-source alignment viewer and editor software. The alignment is
color-coded according to amino acids.

Some of the sequences retain the same k-mean group, particularly in A&~-mean one and k-mean
three when the multidimensional scaling was applied with three and with 11 clusters, displayed
in blue in Table 1. Increasing the number of k-means splits the original groups into more smaller
groups, as the analysis is applied on the same distance matrix and only the number of k-means

is changed. Adjusted IDs were generated from the phylogenetic tree’s distance matrix.
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Table 1: P. falciparum 3D7 reference strain STEVOR protein data base IDs, adjusted IDs, and k-mean

positions when multidimensional scaling is applied with three and 11 k-mean clusters.

PlasmoDB ID  Alignment ID  Adjusted 1D k-mean (n=3) k-mean (n=11)
Pf3D7_1372800 3D7_13728 1372800 19 1 1
Pf3D7_ 1254100 3D7_12541 1254100 19 1 1
Pf3aD7_0700400 3D7_7004 0700400 19 1 1
Pf3aD7_0101800 3D7_1018 0101800 19 1 1
Pf3D7_ 1149900 3D7_11499 1149900 20 1 1
Pf3aD7_0102100 3D7_1021 0102100 18 1 1
Pf3D7_0222800 3D7_2228 0222800_19 1 5
Pf3D7_1479500 3D7_14795 1479500 19 1 5
Pf3D7_0732000 3D7_732 0732000_19 1 5
Pf3D7_0900900 3D7_9009 0900900_20 1 5
Pf3D7_0300400 3D7_3004 0300400_19 1 6
Pf3D7_0324600 3D7_3246 0324600_19 1 7
Pf3D7_0114600 3D7_1146 0114600 20 1 7
Pf3D7_0300900 3D7_3009 0300900_18 1 7
Pf3D7_0700700 3D7_7007 0700700_21 2 8
Pf3D7_1100700 3D7_11007 1100700 21 2 8
Pf3D7_0832600 3D7_8326 0832600_21 2 8
Pf3D7_0532800 3D7_5326 0532800_15 2 8
Pf3D7_0832000 3D7_832 0832000_20 2 8
Pf3aD7_1372500 3D7_13725 1372500 19 2 8
Pf3D7_0500600 3D7_5006 0500600_20 2 8
Pf3D7_0221400 3D7_2214 0221400 20 2 8
Pf3D7_0402600 3D7_4026 0402600_20 2 11
Pf3D7_1000800 3D7_10008 1000800 18 2 11
Pf3D7_0425500 3D7_4255 0425500 20 2 11
Pf3D7_0400800 3D7_4008 0400800_19 3 2
Pf3D7 1254600 3D7_12546 1254600 19 3 3
Pf3D7 1254300 3D7_12543 1254300 19 3 3
Pf3D7_0200900 3D7_2009 0200900_19 3 3
Pf3D7_0832900 3D7_8329 0832900_19 3 3
Pf3aD7_0700700 3D7_7007 0700700 21 3 3
Pf3aD7 0115400 3D7_1154 0115400 20 3 3
Pf3D7_1479900 3D7_14799 1479900 20 3 4
Pf3D7_0200400 3D7_2004 0200400_20 3 4
Pf3D7_1040200 3D7_10402 1040200 20 3 4
Pf3D7_0201300 3D7_2013 0201300_20 3 4
Pf3D7_0832400 3D7_8324 0832400_20 3 4
Pf3D7_0617600 3D7_6176 0617600_20 3 4
Pf3D7_0901600 3D7_9016 0901600_20 3 4
Pf3D7_0631900 3D7_6319 0631900_19 3 9
Pf3D7_1300900 3D7_13009 1300900 20 3 9
Pf3D7 0401500 3D7_4015 0401500 20 3 10
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From the k-mean analysis the granularity of explaining variation between sequences increases

with the number of k-means selected (Figure 2).

When colour coding the phylogenetic tree according to the k-mean grouping it can be seen a
logical separation of the three k~~-means when represented as a tree. When the multidimensional
scaling was applied using 11 k-means, the phylogenetic tree has some non-logical colour
clustering, specifically for group one and seven represented in magenta and lime colour

respectively, in Figure 3.

Colour coding the STEVOR variants in the PCA analysis according to their k-mean grouping
clearly shows that the two methods of explaining variation and attempting clustering vary. In
Figure 4A can be seen some clustering of &-mean group one according to PC1, but no clustering
according to PC2. Similarly, but less pronounced pattern is observed for the sequences from k-
mean two and k-mean three. However, applying higher number of ~~-means improves the variant
separation pattern, clearly observed in k&-mean group eight in purple in Figure 4B, and k-mean
two containing only a single variant in the middle of the PCR plot, clearly distinct to the rest

of the variants according to both principal components.

Since MDS does not provide the variance explained by each dimension explicitly, Figure 2
does not display percentage variation on its axis, in contract to Figure 4, where the axis indicate

the percentage of variance explained by each principal component.
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Figure 2: Two-dimensional scaling of dissimilarity matrix from the phylogenetic tree of PlasmoDB STEVOR V2 protein sequences, applied using A) three k-means and B) 11

k-means.
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Figure 3: Neighbour joining phylogenetic tree of PlasmoDB database STEVOR V2 protein sequences, colour coded according to the k-mean position from Table 1 according

to distance matrix multidimensional scaling applied using A) three k-means and B) 11 k-means.
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The three methods described and displayed in this chapter possess different attributes as
outlined in Table 2. The discussion below examines the advantages and disadvantages
associated with these parameters, aiming to draw a conclusion regarding the most suitable

method for the subsequent analysis of STEVOR V2 variants in Chapter 5.

Table 2: Parameters summary of sequence clustering methods.

Criteria Phylogenetic trees  k-means PCA

Alignment needed Yes Yes Yes

Rooting needed Yes No No

Permutations Desirable Desirable Does not affect results
Selecting groups No Yes No

Shape assumption Yes Yes No

Reproducibility Low Low Absolute
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4.4 Discussion

This chapter presents three methodologies: phylogenetic trees, k&-means analysis, and Boolean
vectors PCA analysis, used for exploring the variation of STEVOR protein sequence data
originating from 3D7 Plasmodium falciparum reference strain The aim is to identify the most
suitable method for mapping the global STEVOR variability, to subsequently select
appropriate STEVOR variants for the development of STEVOR recombinant antigen library.
The large variable domain of the aligned STEVOR 3D7 protein sequences was specifically
isolated to avoid loss of resolution when analysing STEVOR variability, which would likely
occur if the more conserved domains of the protein were included. This chapter is focused on
the STEVOR protein sequences from the 3D7 Plasmodium falciparum reference stain only as
a proof-of-concept step for selecting the mapping method, applied to a larger database in
Chapter 5. Working with sequences from one strain allows for a manageable data size for
multiple analysis and results comparison. The subsequent application of the chosen method,
being the sequence digitising and principal component analysis, reported in Chapter 5, extends

to the entire available STEVOR protein sequence database from PlasmoDB (10).

Multiple global genetic diversity analysis undertaken on nucleotide and protein sequence data
of the var genes and their products are predominantly performed using Neighbour-Joining
phylogenetic tees with 1000 bootstraps (22), (23). However, for this research, we decided not

to use this approach due to the limitations mentioned below.

The decision to use the PCA method for exploring the variation of the STEVOR protein
sequences and further selecting representative variants for the library was based on multiple
parameters. Phylogenetic trees operate under the assumption that all samples exhibit a tree-
shaped relationship, disregarding the possibility of horizontal gene transfer which would create

a horizontal relationship between variants. The hypervariability of STEVORs within a strain is
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also expected between strains which creates a complex network rather than a strict tree
structure. The PCA analysis is a mathematical method that observes the variability between the
sequences without harming the data structure as this method rotates the data matrix to find
direction of differences and projects them to set of diagonal axes. Additionally, this study seeks
to investigate the variability of STEVORs within the 3D7 strain and to identify potential
clustering patterns that have not been previously reported. For the var gene protein products
and protein variants from the RIFIN family, two protein families similar to STEVOR, some
clustering has been observed and documented, not only at the sequence level but also based on
functional properties and their association with diseases severity (24), (25). In contract, such
grouping has not been yet demonstrated for STEVORs to guide decision for clustering using
phylogenetic trees. Furthermore, even with the application of permutations to determine the
most probable organisation of the sequences in a tree format, the reproducibility remains low
when performed on the same alignment (26). Similarly for the A~-means method, arbitrary
selection of number of k-means for clustering allows for the absorption of neighbouring
samples around randomly specified starting samples, introducing degree of randomness and
unpredictability when changing the number of k~~-means. Selecting different number of A-means
can lead to drastic changes in the analysis outcomes, suggesting that this method is rather
unstable. Moreover, k-means analysis assumes grouping of equal sizes, is sensitive to outliers,
and does not perform well on non-linear complex data structure (5). This study states that the
PCA method demonstrates 100% reproducibility attributed to the conversion of the non-
quantitative protein sequences into quantitative binary Boolean vectors which are further
subjected to Singular Value Decomposition. This high reproducibility is due to the resultedl 2D
coordinates for each of the sequences, displayed as the first two principal components in the

PCA plot, ensuring that replicating the analysis on identical data yields identical PCA plot
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coordinates. This level of reproducibility sets the selected method from the alternative

methodologies discussed.

The combined variance explained by the first two principal components (PC1 and PC2) is only
17.7%, which may raise concerns about the adequacy of this PCA in capturing data patterns.
This relatively low percentage indicates that a significant portion of the data’s variance is
dispersed across the remaining principal components, each contributing a smaller percentage
than PC1 and PC2. Such distribution of variance is common in high-dimensional data, like
protein sequences, where patterns are complex and not easily captured by a simple two-
dimensional reduction. Although this limitation restricts the interpretability of the PCA plot,
which only visualises the first two dimensions, the method does offer a quantifiable metric of
explained variance — a benefit over the two other methods compared in the study, which lack
this measure. This scattered variance across multiple components suggests that the data is
inherently complex, with no dominant patterns that can be easily reduced. While scaling down

to two dimensions may obscure some structural details, this limitation is shared with k-means.

Additionally, the phylogenetic trees method looks at the differences between sequences in
terms of type of amino acids and their positions and does not consider the whole sequences
proportion variability between each other. The application of k~-means also results in the loss
of information at specific sites compromising essential data necessary for accurately defining
the relationships between the variants. The PCA method analyses the information of the amino

acid differences and the samples difference at a same time.

The interpretation of the PCA analysis could be enhanced by incorporating information about
amino acids’ biochemical properties, such as polarity, charge, size, hydrophobicity etc. This
would allow for the analysis to assess whether amino acid variability is functionally significant,

where the different biochemical properties could influence the protein structure and function.
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Such variability could potentially bring some sequences closer together and separate others in

PCA clusters.

To further refine clustering within the PCA, we could implement additional methods to
introduce more structured groupings in the data. For instance, clustering algorithms like
hierarchical clustering or t-distributed Stochastic Neighbour Embedding (t-SNE) could provide
insights into potential clusters not readily apparent in the PCA alone. These methods would
offer advantages in capturing subtle, non-linear relationships within high-dimensional data,

which could reveal finer distinctions between amino acid variants (27).

Ultimately, a robust approach would involve the sequencing a subset of positive samples from
the population to precisely identify the present variants. This strategy would further allow for
the creation of recombinant variants tailored to the population’s antibody reactivity profile.
However, because the aim of this project is to examine antibody responses across populations
with varying levels of malaria endemicity, the time and financial constrains make this approach

impractical within the current project.

4.5 Conclusion

Based on the analysis conducted on the variable portion of the 3D7 STEVOR variants using
the three methodologies shown in Figures 2, 3, and 4—phylogenetic trees, k-means clustering,
and PCA analysis—we conclude that the PCA method offers a high level of objectivity and
satisfactory reproducibility. Consequently, this method is applied to a larger dataset of

STEVOR variants, as presented in Research Paper 2 (Chapter 5) of the thesis.
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Abstract

Plasmodium falciparum pathogenesis involves complex interactions between host and parasite
factors, with variant surface antigens such as members of the P/EMP1 protein family playing
a pivotal role in modulating disease severity through mechanisms such as immune evasion and
cytoadherence. Similarly, the less characterised STEVOR protein family, expressed on the
surface of infected erythrocytes, contributes to cytoadherence and rosette formation and
exhibits high antigenic variability that may aid parasite immune evasion. This study introduces
an in-silico model for mapping global STEVOR variability for the development of a
comprehensive library of STEVOR recombinant antigens to enable more in-depth investigation

of STEVOR antigens involvement in immunity to infection.

Utilising all available STEVOR protein sequence data from the PlasmoDB database, this study
maps the variability of STEVOR members within and across 14 P falciparum strains,
comprising of both clinical isolates and laboratory adapted strains. Employing bioinformatics
and mathematical strategies, we designed an in-silico model that consistently replicates
findings when applied to identical datasets. The hypervariability domain of the STEVOR
protein family showed the greatest sequence variability between family members across all
isolates, with a mean diversity of 52.1%, in contrast to the semi-conserved (47.8%) and the

conserved (2.9%) domains.

Based on insights from the model, we constructed 11 STEVOR recombinant antigens,
representing the hypervariable domain of STEVOR members predominantly from West
African isolates. We further expressed them using CyDisCo co-expression plasmid in
competent BL21(DE3) Escherichia coli expression system, establishing a pioneering library
of STEVOR recombinant antigens. Additionally, three 3D7 reference strain STEVOR semi-

conserved domain recombinants served as controls, exhibiting greater reactivity compared to
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the variable domain recombinants. The antigenicity of the recombinants was confirmed using

the multiplex magnetic bead-based assay, Luminex.

This study proposes an in-silico model that elucidates the spatial relationships between amino
acid sequences, applicable to any organism’s sequence data. Furthermore, it presents the first
library of recombinant antigens of the STEVOR hypervariable domain, expressed in an E. coli
system. This library is proposed to be further used in sero-epidemiological studies to explore
if infection exposure affects the breadth of responses to members of the STEVOR family and

to investigate potential variants linked to different outcomes of malaria disease.
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5.1 Introduction

Malaria is a vector borne disease caused by an infection with Plasmodium spp., transmitted via
bites of female pregnant Anopheles mosquitos (1). Of the 5 species causing disease in humans,
Plasmodium falciparum is responsible for more than 90% of the world malaria mortality, with

the greatest burden felt in Sub-Saharan Africa (1).

Malaria pathogenesis depends on multiple socio-economic, host and parasite factors, resulting
in varying severity of the disease from mild and asymptomatic to severe and death (2). Some
parasite virulence factors are associated with evasion of the host immune response through
antigenic variation and prolonged and efficient infection via cytoadherence and formation of

rosettes (2),(3).

Variant surface antigens (VSA) represent several protein families synthesised at distinct phases
of the parasite’s blood stage life cycle which are subsequently translocated and expressed on
the surface of the infected erythrocytes (IEs) (4). Members of these protein families are
characterised by a high degree of variation between each other, are highly antigenic, and are
found to be associated with a number of important biological processes in malaria
pathogenesis, including sequestration and rosetting (3),(5). The most well-characterised protein
family is the P. falciparum Erythrocyte Membrane Protein 1 family (P/EMP1). PAEMP1 protein
variants have been shown to be important for parasite survival, transmission, and virulence,
due to their role in IEs cytoadherence in the microvasculature and formation of rosettes (6).
Ongoing research focuses on deciphering the associations between P/EMP1 variants, severe
malaria, and their common pathogenic mechanisms with a goal of targeting these for

therapeutic interventions (7).

PfEMPI1 variants encoded by group A var genes, with an N-terminal tandem domain cassette

8 (DC8) and domain cassette 13 (DC13), have been identified to be associated with adherence
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of IEs to the microvasculature via binding to the endothelial protein C receptor (EPCR), a
mediator of cytoprotective effects of the active protein C (8),(9). These variants are also found
to be highly upregulated in parasites associated with cerebral malaria, and are also associated
with alternative sequestration sites in severe malaria, including the lungs, dermis, and the heart
(10),(11). Furthermore, children with severe malaria are found to serorecognise DC8 and DC13
PfEMPI1 variants compared to those with non-complicated disease, thus detected exposure to
these variants can be regarded as marker of severe malaria which offers insights into potential
targets for interventions or preventative measures against children’s severe malaria (11),(10).
Therefore, P/EMP1 sequence classification and diversity characterisation enables the
predictions of host receptor interactions and provides foundation for the development of anti-

adhesion strategies (7).

The var genes protein products: PFEMP1 protein family is encoded of approximately 60 var
genes per parasite with limited genotypic overlap, enabling the parasite to escape the host
immune system and to exhibit different tissue tropisms, particularly in cerebral and placental
malaria (11),(12). This remarkable diversity of variants is concentrated in few protein domains,
the Duffy Binding-Like (DBL) and Cysteine-Rich Interdomain region (CIDR) domains, also
associated with binding specific endothelial receptors (13). A subgroup of P/EMP1 is found to
be often expressed in severe malaria cases and particular var gene subset are linked to adverse
clinical outcomes in malaria across all ages and geographical population, with specific var

phenotypes associated with cerebral malaria in children (14).

Another VSA protein family, the Sub-Telomeric Variable Open Reading frame family
(STEVOR) remains relatively uncharacterised (5). STEVOR is a multi-copy gene family
encoded on the sub-telomeric region of all P. falciparum chromosomes, except for chromosome
5, with multiple variants per chromosome. A single parasite genome encodes approximately 40
stevor genes each coding for a different variant. However, only a small subset of these genes

165



is transcribed, with each parasite expressing a single 30-40 kDa variant during a polyclonal

infection (5),(15).

STEVORs are found to be expressed in gametocytes, the trophozoite and schizont stages of the

P. falciparum life cycle, and some are found in the apical tips of merozoites (16),(17).

The primary linear protein structure of STEVOR proteins is composed of a small signal peptide
(SP), followed by a short variable domain (V1), a five amino acid long conserved motif
encoding a protein trafficking peptide (PEXEL), a semi conserved domain (SC), a large
variable domain (V2) flanked by two transmembrane domains (TM), and a short, terminal

conserved domain (C), graphically represented in Figure 1 (18).

STEVOR Domain breakdown

o
~ 120 AA ~70AA ~17 AA
< > < > —

Figure 1: Schematic representation of a generic STEVOR protein. The architecture is in the following
sequence: signal peptide (SP); short variable domain (V1); PEXEL motif; approximately 120 amino
acid long semi-conserved domain (SC); two trans-membrane domains (TM) flanking a large
hypervariable domain (V2) composed of approximately 70 amino acids, length slightly varying between

variants; ending with a 17 amino acid long conserved domain (C).

Functionally STEVORs are found to be trafficked to the membrane of IE, firstly transported
and cleaved in the endoplasmic reticulum and then translocated via Maurer’s cleft, localising
in proximity to knobs (19), (20). Previous research using antibody inhibition assays and anti-

STEVOR serum on enriched rosetting-positive P. falciparum cultures have observed a
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reduction in rosette formation. Additionally, with the use of dual-micropipette aspiration force
assays it has been demonstrated that STEVOR-positive IE exhibit over four times stronger
binding than controls, where further disrupted rosettes re-establish stable binding within 30
minutes, indicating that STEVOR proteins play a key role in rosette formation and stabilisation
(19), (21). STEVOR protein members differ mostly by their large variable domain (V2) which
is the part of the protein that protrudes to the extracellular space and has been shown to be
antigenic (18),(22). This antigenic variability is an adaptive parasitic mechanism to help evade
the host immune response during an infection (5),(23). Studies using peptide arrays have shown
that there is an age and disease severity dependent seroreactivity and serorecognition to the
STEVOR V2 and SC domains (18). Additional studies using recombinant STEVOR V2 and
SC proteins have suggested the generation of an age and exposure dependent antibody
responses against them, indicating their potential as markers of infection (24),(25). Antibodies
targeting VSAs are considered potential candidates for both antimalarial therapeutics and
vaccine development. However, there is a limited comprehension of the global antibody
repertoire against STEVOR protein family, with poorly understood antibody reactivity
variation in children, and lack of identified key protective targets (26). To be able to further
explore the antibody responses to these antigens and their role in immunity, or for use in
serosurveilance, further research is required. Specifically, a comprehensive mapping of the
STEVOR protein family’s diversity at the sequence level is required to investigate how

antigenic properties vary and relate to infection exposure.

The aim of this study is to generate a library of STEVOR recombinant antigens which
represents the repertoire of P, falciparum STEVOR protein family for future serological studies

in exploring the role of STEVORS in immunity to P. falciparum.
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5.2 Methods

5.2.1 Protein sequences alignment and inspection

A total of 546 STEVOR protein sequences from 14 sequenced isolates were analysed: one
reference strain, six laboratory strains and seven clinical isolates, were obtained from the
PlasmoDB database, corresponding to all available protein sequence ‘hits’ under the search
terms of “STEVOR and Plasmodium falciparum”™ (27). Sequences from ‘MLO0O1’° and ‘TGO1’
laboratory strains were not downloaded due to the large number of corresponding ‘hits’ of 236
and 272, respectively, annotated as STEVOR/RIFIN representing both families. Moreover,
‘MLO1’ and ‘TGO1’ strains are known to come from complex infections with more than one
parasite strain, possibly explaining the large number of sequences under STEVOR/RIFIN
annotation. Another 19 sequences were excluded from this database due to wrong annotation,
or considerably too long or too short sequences in comparison to the rest, leaving a database of
527 protein sequences. The new protein database was subjected to multiple alignment with
MAFFT on Windows 10 terminal, using G-INS-I strategy with a global pair pairwise
alignment, computed with the Smith-Waterman algorithm (28),(29). This algorithm was chosen
as it is specifically tailored for sequences that have global homology (the entire length of each
sequence is related to the entire length of every other sequence), as is the case for STEVORs,
and the global pair is aligning the entirety of each two sequences against each other in a
pairwise matter, rather than aligning only the portions of the sequences where they best match
(30). The alignment included a gap extension penalty for group-to-group with a default value
of 0.123, to deter the introduction of gaps unless they are truly needed, and to refine the
alignment when dealing with a mixture of closely and distantly related sequences (31).
Subsequently, 34 shorter protein sequences with large gaps and/or annotated as ‘pseudogenes’
were excluded, resulting in the final database of 493 STEVOR aligned protein sequences,
summarised in Table 1.

168



5.2.2 Domain sequences isolation

Isolation of the aligned large hypervariable domain (V2), semi-conserved domain (SC) and
conserved domain (C), of all 493 STEVOR protein sequences was manually performed briefly
as follows. The two transmembrane domains (2xTM) flanking the V2 domain were identified
using TMHMM2.0 trans-membrane domain prediction software, isolating the approximately
70 amino acids long V2 protein sequences being between amino acid 158 and amino acid 215,
also supported by literature (32),(33). All TMHMM2.0 prediction plots for the selected 11
variants for the library can be found in Supplementary Figure 1. The C domain situated right
after the second TM domain was isolated, identified to be 17 amino acids long. The SC domain
was isolated by taking the amino acid sequences between the detected five amino acid long
PEXEL motif and the first TM domain, identified to be approximately 123 amino acids long
(34). Amino acid sequences per isolated domain were realigned using the same method outlined

above and no further sequences were excluded from either domain group.

5.2.3 Sequence variability mapping model and variant library selection.

Amino acid sequences per domain were digitised into binary Boolean vectors. Each amino acid
position for each sequence was challenged if it is one of the 21 amino acids found in
Plasmodium falciparum proteome, with results recorded as positive = 1 and not positive = 0,
resulting in 21 binary vectors, one for each amino acid. (35). All Boolean vectors were then
piled into a matrix, which was further subjected to Singular Value Decomposition (SVD),
resulting in a distance matrix of Euclidean distances (sPC) between sequences. sPC were used
in a Principal Component Analysis (PCA) and visualised as 2D plots. All analysis and data
visualisation were performed on R 4.3 computational platform. Alignment diversity for each
of the isolated domains was calculated first as Shannon Entropy index, measuring the diversity
at each position and second as overall mean diversity of the pairwise distances, analysed using
“Biostrings” package, Bioconductor on R 4.3 computational platform (36). The V2 PCA was
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further subdivided into nine equal quadrants and 11 sequences were selected to represent the
STEVOR protein family, briefly as follows. The selection of sequences was based on (i) their
two-dimensional position on the PCA plot and (ii) the geographical location of the isolates. In
the case of variants from multiple isolates clustering together, the variant coming from a
Western Sub-Saharan African isolate was selected. Three SC sequences from the P. falciparum
reference strain 3D7 found to have potential as markers of infection exposure were also

selected to serve as controls for STEVOR antigenicity (24).

A phylogenetic tree was generated using all V2 sequences with the JTT+F+G4 model and 1000
bootstrap replicates, optimised with hill-climbing nearest neighbour interchange (NNI) using
IQtree 1.6.12 software, and the selected 11 library sequences were mapped on the tree (37).
This phylogenetic analysis served to validate the PCA results and illustrate the relationships
among the sequences. The visualisation and annotation of the phylogenetic tree was performed

using iTOL: Interactive Tree of Life (Supplementary Figure 6) (38).

5.2.4 Recombinant antigens library expression.

E. coli BL21(DE3) competent cells (Trans, China) were initially transformed with pMJS226
CyDisCo plasmid (University of Oulu, Finland), containing sulthydryl oxidase (Evrlp),
disulfide bond isomerase (PDI), and chloramphenicol (CMP) resistance cassette (39),(40),(41).
Transformed cells were grown in LB media with 100 pg/ml CMP and were further transformed
with pGEX-5X-1(RBS) plasmids (GenScript, UK), each containing one of the 11 STEVOR V2
variants, or one of the three P3D7 STEVOR SC variants, to be expressed as N-terminal GST-
tag recombinant proteins. Transformed bacteria was grown in ZY-autoinduction media with
100 pg/ml Ampicillin (Amp) and 100 pg/ml CMP, and were further lysed using LM20
microfluidizer (Analytik LTD, UK). Recombinant proteins were affinity purified in a batch
mode using Glutathione Sepharose 4B beads and quantified using Bradford protein

quantification assay (Bio-Rad, UK). All recombinants were run on 4-15% precast Mini-
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PROTEAN TGX gels (Bio-Rad, UK) with 2% SDS and 5% B-mercaptoethanol loading buffer
after undergoing denaturation at 95°C for 5 minutes. The gels were further stained with
Coomassie Brilliant Blue R-250 (Merck, UK) and imaged in Bio-Rad ChemiDoc MP viewer

(Supplementary Figure 2).

To confirm recombinant antigenicity, the proteins were chemically coupled to MagPlex
microsphere beads (Luminex, UK), following established protocols (42). Briefly, coupled
beads were titrated at six-point eight-fold dilutions, starting from 1000 pg/ml down to 0.031
pug/ml, against a five-point two-fold dilutions of positive control serum pool of malaria
hyperimmune Ugandan adults (PRISM), starting from 1/100 down to 1/1600 serum
concentration (24). Data in form of median fluorescence intensity (MFI) was obtained for each
titration point and a four-parameter logistic regression was applied to each titration curve to
obtain the EC50 point on sigmoidal curve. The median EC50 point across all dilutions was
selected as the optimum protein coupling concentration for each recombinant, titration plots

per antigen can be found in the Supplementary Figure 3.
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5.3 Results

5.3.1 STEVOR protein panel selection.

The total number 0of 493 STEVOR sequences used in this study represent 90.30% of all protein
sequences ‘hits’ under the defined search terms from PlasmoDB database, summarised in Table
1 (43). The remaining 9.7% (n=53) have been removed from the database due to detected mis

annotations.

Table 1: Summary of Plasmodium falciparum STEVOR protein sequences.

Isolate Location Type PlasmoDB hits (n) Analysis sequences (n)
3D7 Netherlands Reference strain 43 41
Dd2 Cambodia Laboratory strain 40 37
GAO1  Gabon Laboratory strain 43 38
GB4 Cambodia Laboratory strain 40 36
HB3 Cambodia Laboratory strain 32 28
IT Cambodia Laboratory strain 41 37
SDO1 Sudan Laboratory strain 25 22
7G8 Brazil Clinical isolate 25 21
CD01  Congo Clinical isolate 44 40
GNO1  Guinea Clinical isolate 46 41
KEO1  Kenya Clinical isolate 37 34
KHO1  Cambodia Clinical isolate 43 39
KHO02  Cambodia Clinical isolate 41 38
SNO1 Senegal Clinical isolate 46 41
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STEVOR V2 region showed highest domain variability with overall mean diversity of pairwise
distances in the alignment of 52.1% as compared to 47.8% and 2.9% for STEVOR SC and
STEVOR C domains, respectively (Figure 2). Overall mean diversity of SC and V2 did not
appear significantly different, however the amino-acid alignment length was significantly
different of around 150 amino-acid compared to around 90 amino-acids, respectively, as
demonstrated in the Shannon Entropy plot in Figure 2. For the semi-conserved region of all
aligned STEVOR sequences, two specific positions exhibit notably low entropy, indicating
high conservation. These regions span amino acids 60 — 71 and 118 — 129, each encompassing
11 amino acids, and display entropy values of approximately 0.3 and 0.1, respectively, as
outlined in Supplementary Figure 4, focused solely on the SC region. The entropy of these two
regions is significantly lower than that of other sections within the SC region, which reach
values as high as 2.0 on the Shannon Entropy index, as shown in Figure 2. Further examination
of SC alignment reveals that these conserved portions appear as gaps in most sequences, where
the minority of variants in the alignment contain sequences aligning in these gap regions with
high conservation. These variants come from different strains which shows a higher inter strain
diversity compared to intra strain. This pattern suggests that semi-conservation in these regions

is more likely to be variant-dependent rather than a result of inter-strain variation.

Similarly, the rest of the SC domain shoes variability across groups of sequences with higher
conservation between variants from different laboratory strains or isolates, rather than between
variants from one strain. The major group contains 348 variants, while the smaller groups are
made of 16, 15, 13, 28, 12, 29, and 32 variants, each exhibit localised conservation. This
diversity distribution aligns with the PCA analysis in Figure 3B, where a primary large cluster

and several smaller clusters correspond to these alignment groupings.
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Figure 2: Shannon Entropy Index plot representing the level of diversity in each amino acid position of
the STEVOR domain alignments. The higher the value, the higher the diversity. Double lines on the x-
axis represent the end of one and the beginning of the next (position 0) protein domain. Legend values

represent the overall mean diversity of the pairwise distances in each of the alignments.
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Figure 3: Principal Component Analysis showing the first two principal components (PC1 and PC2) for
A) Large variable domain (V2), B) Semi-conserved domain (SC), and C) Conserved domain (C) of the
STEVOR protein sequences. Sequences are colour coded according to the isolate they belong to.
Percentage values represent the proportion of variation explained by each of the two principal

components.
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To select sequences which encompass the diversity across the STEVOR V2 sequences we
selected 11 sequences (Figure 4): seven variants from West Sub-Saharan Africa (four from
Guinea and three from Senegal), one variant from Central Africa: Gabon, one variant from
Kenya, East Africa, and two Cambodian variants. The STEVOR library panel was selected to
develop recombinant serological tools to help interrogate immunity to this protein family and
expand our understanding of the STEVOR function, in addition proving a template for the
generation of protein products for other hypervariable protein families of pathological
importance. Since P. falciparum malaria is mostly found in Sub-Saharan Africa, most of the
library representatives were selected from isolates from the same region. The other African
variants were selected from countries with high P. falciparum prevalence. The remaining two
variants from Cambodia were included to explore potential geographical differences in
exposure to STEVOR variants. The selection of these 11 sequences was also restricted by
plasmid availability, as only 80 V2 recombinant plasmids from the analysed strains were
accessible, reducing the selection from 493 to 80. Available plasmids across global STEVOR
variability in relation to library variants is presented in Supplementary Figure 5. Moreover, due

to resource limitations, we could express and include only up to 11 recombinants in the library.
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Figure 4: Visualisation of the large variable domain (V2) sequences selected to be expressed as
STEVOR recombinant protein library, shown in red, among all 493 V2 amino acid sequences used in
the PCA analysis (shown in black). The numbers indicate the quadrant number (labelled 1-9) in which

each of the library sequences is positioned, summarised in Table 2.
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5.3.2 Expression of selected recombinant proteins in Escherichia coli.

The 11 V2 variants were expressed as GST-tag recombinant proteins in BL21(DE3) E. coli
competent cells, co-transformed with the CyDisCo plasmid (pMJS226). The sequences ranged
between 272 and 283 amino-acids in length and expressed as recombinant protein products
between 32 and 33 kDa, including the 211 amino acids long, 26 kDa GST-tag, summarised in
Table 2. Although of similar sizes, the V2 recombinants varied substantially in terms of
expression concentrations between 1.45 mg/ml (SNO1_115) and 10.51 mg/ml (IT 13776 and
KEO1 158). However, the differences in expression concentrations were not reflected in the
optimum protein-bead coupling concentrations for the MagPlex assay (median EC50 point),
demonstrating a recombinant specific seroreactivity. Coomassie stained SDS-PAGE annotated

gel images are included as Supplementary Figure 2.
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Table 2: Summary of STEVOR V2 library recombinant antigens.

Protein Name Abbreviated Quadrate  Length Molecular Recombinant ECS50
(PlasmoDB) protein name  Number (amino size concentration point
(PCA) acids)* (kDa)* (mg/ml) (mg/ml)
PfGNO1_040031100 GNO1 4311 Q1 283 33 1.87 0.46
PAIT 130077600 IT 13776 Q1 273 32 10.51 0.48
PfSNO1_140006300 SNO1_1463 Q1 277 32 6.19 0.33
PfGNO1_100006100 GNO1_161 Q4 283 33 4.12 0.15
PfKEO1 100005800 KEO1 158 Q4 272 32 10.51 1.17
PfSNO1 030005600 SNO1 356 Q4 277 32 3.28 1.56
PfHB3 040028900 HB3 4289 Q6 279 33 8.63 0.20
PfGA01 070034600 GAO1_7346 Q7 281 32 5.62 1.97
PfGNO1_020006800 GNO1_268 Q7 278 32 3.77 0.21
PfSNO1_000011500 SNO1_115 Q7 273 32 1.45 0.73
PfGNO1 130006600 GNO1 1366 Q8 279 32 4.33 0.58

*The length and weight of the recombinants represent the V2 domain including the 211 amino

acids long, 26 kDa GST molecular tag.
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The SC recombinant proteins ranged between 334 and 340 amino acids in length with size

ranging between 40 and 41 kDa (Table 3). The significantly much lower EC50 concentrations

calculated for the SC recombinants highlight that they exhibit much higher antigenicity than

the V2 recombinants.

Table 3: Summary of STEVOR SC recombinant antigens.

Protein Name Abbreviated Length  Molecular Recombinant EC50
(PlasmoDB) protein name (amino  size concentration point
acids)*  (kDa)* (mg/ml) (mg/ml)
Pf3D7 1300900 3D7 139 336 40 1.91 0.01
Pf3D7 0832000 3D7 832 340 41 5.34 0.24
Pf3D7 0832600 3D7 8326 334 41 3.28 0.04

*The length and weight of the recombinants represent the V2 domain including the 211 amino

acids long, 26 kDa GST molecular tag.
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5.4 Discussion

We developed an in-silico model, simplifying the complex amino-acid polymorphism inherent
in hypervariable gene families. This novel approach allowed us to develop the first recombinant
protein STEVOR variant library in a E. coli expression system, providing novel serological
tools with which to explore the human immune response to the understudied but associated

with pathology STEVOR protein family.

Other studies investigating the variable domain of STEVORs and dissecting the protein
structure have been mostly focused on laboratory strains such as 3D7, Dd2 and HB3 (18),(44).
However, the variability between STEVORS is firstly between variants within isolates, termed
antigenic variability, and secondly between the variants across isolates, due to high
recombination rate in the P. falciparum genome, which we have demonstrated in the multiple
alignment provided as a supplementary documentation (44),(45). Additionally, the SC domain
alignment analysis and the V2 domain PCA plot revealed that STEVOR variability is greater
among variants within the same strain than between different strains, indicating higher
antigenic diversity withing strains rather than across strains. Since the majority of the protein
sequence of STEVOR variants is highly conserved, exploring the variability relationship
between variants using the full protein sequence would reduce the resolution level in examining
the differences. Hence, after the initial alignment, the V2 domain was isolated for the variability
analysis. The SC and C domains were also isolated to test the reliability of the model, expecting
closer relationship due to higher conservation, resulting in lower variability. Furthermore, it is
worth considering that the expression of proteins in E. coli that encompass domains such as
signal peptides, PEXEL motifs, and trans-membrane domains, would most likely result in

packaging of the proteins in inclusion bodies, thereby rendering them insoluble (46).
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Since protein sequences are qualitative data, the numerical conversion of the amino acid
sequences into binary Boolean vectors with a quantifiable score allowed for the illustration of
the relationships between variants in a quantitative way (35). The Singular Value
Decomposition method was used to construct the Euclidean distance matrix from the Boolean
vectors data. This method was chosen as it effectively converts interrelated variables into a set
of orthogonal variables, while identifying and arranging the dimensions along which data
points display the greatest variability, therefore finding the optimum approximation of the
original data points using reduced number of dimensions. (47). Furthermore, protein sequence
data is a multivariable data due to the multiple types of amino acids present, therefore using a
multivariate analysis of the distance matrix such as PCA was appropriate to be able to observe
the matrix data without harming its structure (48). The direct PCA analysis rotates the data and
projects it to set of diagonal axes, finding direction of differences considering both the amino
acid composition and the genetic distance between the samples (48). Moreover, this analysis
demonstrated high reproducibility when performed on the same dataset, unlike other sequence
data clustering methods such as phylogenetic trees and k-means clustering, exhibiting variance
in their outcomes with each permutation or with the change of numbers of k-means used,

respectively (49).

The importance of conducting variant down selection for the STEVOR library from the
clustering model was derived from practical constrains, specifically the inability to express
every variant from each strain due to resource and time limitations, as well as the concern of
high likelihood of cross reactivity between closely related variants when further tested on
samples. A method of creating specific monoclonal antibodies against variants which are close
to each other in the PCA analysis could be performed to further calculate the difference in
reactivity to measure the distance needed between variants for the lowest cross-reactivity.

However, this method is highly resource intensive approach beyond the scope of this study.
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The PCA analysis indicates that the majority of the variation in the V2 domain is accounted for
by the first principal component (PC1). However, most of the sequences cluster primarily in
quadrants one (QI1, four (G4) and seven (Q7), with minimal variation along PC1. These
sequences show distinct differences when viewed through the second principal component
(PC2). From each of these three quadrants we have selected two to four variants for the library,
majority coming from West Sub-Saharan African stains. The last variant coming from a
laboratory strain from Cambodia, ‘HB3 4289’, was selected from Q6. This variant was
selected to introduce geographical diversity into the recombinant library, as well as due to the

high prevalence of Cambodian laboratory strains variants in the sequence database.

The further three variants selected to be expressed, represented the SC domain of STEVOR
variants from the P. falciparum reference strain 3D7. The reason behind expressing SC domains
alongside the V2 library is to serve as library controls, expected to be recognised by a diverse
panel of malaria immune sera due to the conservation of the domain (18). The specific selection
of the three variants: ‘Pf3D7 1300900°, ‘Pf3D7 0832000’ and ‘Pf3D7 0832600’ was based
on previously published study showing a potential of those SC variants recombinants as

markers of P. falciparum exposure (18),(24).

The decision was made to create a library of recombinant STEVOR proteins instead of
applying sequencing methods on the isolates or employing peptide arrays. This choice was
based on several factors. Firstly, the stevor genes are located on the sub telomeric region of the
P falciparum chromosomes, adjacent to the telomer, where abundant repetitions of
heterogeneous sequences pose challenges for mapping and sequencing (50). Furthermore,
using recombinant proteins for the detection of antibody responses to the variants would offer
a more precise evaluation of serorecognition compared to the peptide arrays, since recombinant
proteins possess a folded structure while peptide arrays are made of only primary linear
structure. Using a CyDisCo plasmid technology to transform E. coli competent cells for the
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expression of the recombinants was selected to improve the chances of proper protein folding
and post-translational modifications (39). Proteins expressed in the cytoplasm of E. coli often
require the formation of disulfide bonds between an even number of cysteine molecules (51).
Manual examination of the V2 variant amino acid sequences confirmed that they contain 2
cysteine molecules. The CyDisCo plasmid is therefore likely to benefit the correct folding of
the proteins in the cytoplasm of E. coli due to the co-expression of sulthydryl oxidase (Evrlp),
allowing the production of disulfide-bonded proteins. Additionally, the expression of disulfide
bond isomerase (PDI) ensures the editing of the disulfide bonds during protein folding via

cleavage and formation cycles, a type of post-translational modification (39),(40).

The study utilises the Luminex serological assay to verify the antigenic properties of the
expressed recombinant proteins. All recombinant proteins possess differing reactivity
characteristics to the PRISM serum pool positive control from Uganda (24). Specifically,
‘SNO1 115’ and ‘SNO1 356 exhibit the lowest reactivity while ‘GA01 7346’ displays the
highest for the V2 recombinants. The GAO1 isolate comes from Gabon, geographically closer
to Uganda, whereas SNO1 strain comes from Senegal. This geographical difference may
account for the observed disparity in seroreactivity between variants from the two strains.
Furthermore, the protein concentration of the recombinants can also be linked to this diversity
in reactivity signal. As expected, the SC recombinants exhibited considerably higher
serorecognition when compared to all of the V2 recombinants, due to the substantial
conservation of the domain across all STEVORs, and an expected cross reactivity between SC

domains from different STEVOR variants.
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5.5 Limitations

Selection of variants for the library from the database of 493 STEVOR V2 protein sequences
was based on their position in the PCA analysis and focused primarily on variants from West
Sub-Saharan Africa, as this library is intended for testing against serological samples coming
from populations of the same region. However, the library of these 11 STEVOR variants, may
not fully capture the diversity of the protein family based on amino acid sequences, since 10
out of the 11 recombinants do not vary significantly according to sPC1, although most of all
variants were clustering according to the sPCl. The phylogenetic tree shown in the
supplementary material highlights the imbalance in clade representation, with some clades
overrepresented and others entirely absent. This discrepancy arises from the limited availability
of plasmids of 80 outlined in Supplementary Figure 5, specifically those mapping to quadrant
five in the PCA analysis. The available plasmids from QS5, which also cluster into a distinct
clade in Supplementary Figure 6, exhibit a unique single transmembrane domain structure,
setting them apart from the other variants selected for the library, hence were not selected to be

expressed.

Additionally, the in-silico model does not account for amino acid properties such as polarity,
charge size and shape, which could potentially enhance the accuracy of diversity mapping.
Incorporating these properties might produce a different distribution of variants across PCA

coordinates.

The selected PRISM positive control to assess the reactivity of these variants is uncertain as
we don’t know whether the serum pool from the Ugandan hyperimmune individuals would
specifically recognise the selected variants. On the contrary, we also anticipated some degree
of cross-reactivity among the V2 variants. Unfortunately, similar to the case for other variable
antigen families, such as RIFIN and PfEMP1, there is no definitive mathematical or biological

method to gauge the necessary level of divergence between the variants to minimise the
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potential cross-reactivity, in order to identify key targets of protective immunity when further
using the library against serum samples. Additionally, further research of inter-strain conserved

variants should be performed and those identified should be added to the library going forward.

5.6 Future work

To incorporate biological reasoning into mapping global STEVOR variability using the
computational model, it is essential to include information on the physicochemical properties
of amino acids. Changes in amino acids can alter protein folding, charge, interactions with
other molecules, immune recognition, and overall function and structure. Including these
properties could potentially further distinguish the variants from one another, increasing the
explained variability. Currently, only 16% of variability is captured by the first two principal

components in the PCA, with variability dispersed across all sPCs.

5.7 Conclusion

The approach described in this study provides a robust in-silico model to help interrogate
complex sequence dynamics by highlighting the spatial relationship between sequences. This
model is applicable to any amino acid sequence alignment data with high reproducibility when
performing permutations, irrespective of the species. Additionally, this is the first study to
generate a recombinant antigen library, expressed in E. coli system, representing the variable
domain of the surface expressed protein family STEVOR. The protein library tool of V2
variants could be a valuable resource for subsequent investigations. It can be employed to
explore the degree of seroreactivity and recognition using serum or plasma samples from
various populations, potentially identifying variants associated with enhanced parasite fitness,
or clinical disease outcome, warranting further exploration through functional assays in vitro.
This chapter, presented in a scientific manuscript format, outlines a methodology for selecting

STEVOR variants to represent the global variation of the protein family using the available
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protein sequence database. However, addressing the limitations and implementing the
suggested future work would strengthen the analysis and increase confidence in selecting

accurate/additional variants for the library.
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5.9 List of abbreviations

e STEVOR: Sub telomeric Open Reading Frame protein family
e PfEMPI: Plasmodium falciparum Erythrocyte Membrane Protein 1
e  WHO: World Health Organisation

e LLIN: Long-Lasting Insecticidal Net

e MSPI1: Merozoite Surface Protein 1

e AMAI: Apical Membrane Antigen 1

e VSA: Variable Surface Antigens

e [E: Infected Erythrocytes

e RIFIN: Repetitive Interspersed protein family
e DC: Domain Cassette

e EPCR: Endothelial Protein C Receptor

e DBL: Duffy-Binding Like domain

e CIDR: Cysteine-Rich Interdomain Region

e SP: Signal Peptide

e VI1: Small Variable domain

e PEXEL: Translocating Element

e SC: Semi-Conserved domain

e V2: Large Variable domain

e TM: Trans-Membrane domain

e C: Conserved domain

e SVD: Singular Value Decomposition

e sPC: Principal Component

e PCA: Principal Component Analysis
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CMP: Chloramphenicol

LB: Lysogeny Broth

GST: Glutathione S-transferase
MFI: Median Fluorescent Intensity

Q: Quadrant
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5.11 Supplementary Materials

PfGNO1_004003110-t41 1

TMHMM result
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TMHMM result
# WEBSEQUENCE Length: 309
# WEBSEQUENCE Number of predicted TMHs: 2
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TMHMM result
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TMHMM result
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TMHMM result
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WEBSEQUENCE TMHMM2 . @ TMhelix 158 180
WEBSEQUENCE TMHMMZ . @ outside 181 245
WEBSEQUENCE TMHMMZ . @ TMhelix 246 268
WEBSEQUENCE TMHMMZ . @ inside 269 285
TMHMM posterior probabilities for WEBSEQUENCE
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PfGAO1 _070034600-t41 1
TMHMM result
# WEBSEQUENCE Length: 389
# WEBSEQUENCE Number of predicted TMHs: 2
# WEBSEQUENCE Exp number of AAs in TMHs: 54.063043
# WEBSEQUENCE Exp number, first 6@ AAs: 3.30002
# WEBSEQUENCE Total prob of N-in: @.65561
WEBSEQUENCE TMHMM2 . © inside 1 178
WEBSEQUENCE TMHMMZ2 . @ TMhelix 179 201
WEBSEQUENCE TMHMM2 . © outside 282 27e
WEBSEQUENCE TMHMMZ2 . @ TMhelix 271 293
WEBSEQUENCE TMHMM2 . © inside 294 389
TMHMM posterior probabilities for WEBSEQUENCE
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PfGNO1_020006800-t41 1
TMHMM result

# WEBSEQUENCE
# WEBSEQUENCE

Length: 3@5

Number of predicted TMHs: 2

# WEBSEQUENCE Exp number of AAs in TMHs: 49.32162
# WEBSEQUENCE Exp number, first 6@ AAs: 4.31078
# WEBSEQUENCE Total prob of MN-in: @.71886
WEBSEQUENCE TMHMM2 . @ inside 1 178
WEBSEQUENCE TMHMM2. @ TMhelix 179 201
WEBSEQUENCE TMHMM2. @ outside 202 265
WEBSEQUENCE TMHMM2. @ TMhelix 266 288
WEBSEQUENCE TMHMM2. @ inside 289 3e5
TMHMM posterior probabilities for WEBSEQUENCE
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TMHMM result
# WEBSEQUENCE Length: 296
# WEBSEQUENCE Number of predicted TMHs: 2
# WEBSEQUENCE Exp number of AAs in TMHs: 56.03364
# WEBSEQUENCE Exp number, first 6@ AAs: 11.57495
# WEBSEQUENCE Total prob of N-in: 0.32850
# WEBSEQUENCE POSSIBLE N-term signal sequence
WEBSEQUENCE TMHMM2 . © inside 1 174
WEBSEQUENCE TMHMM2 . © TMhelix 175 197
WEBSEQUENCE TMHMM2 . @ outside 198 256
WEBSEQUENCE TMHMM2 . @ TMhelix 257 279
WEBSEQUENCE TMHMM2 . © inside 280 296
TMHMM posterior probabilities for WEBSEQUENCE
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PfGNO1_130006600-t41 1

TMHMM result

# WEBSEQUENCE
# WEBSEQUENCE
# WEBSEQUENCE
# WEBSEQUENCE
# WEBSEQUENCE

Length: 386

Number of predicted TMHs:
Exp number of AAs in TMHs:
Exp number, first 6@ AAs:
Total prob of N-in:

3

61.58025
14.51679
@.25040

# WEBSEQUENCE POSSIBLE M-term signal sequence
WEBSEQUENCE THMHMM2 . @ outside 1 3
WEBSEQUENCE TMHMMZ . & THhelix 4 23
WEBSEQUENCE TMHMMZ . 8 inside 24 178
WEBSEQUENCE TMHMMZ . & THhelix 179 2081
WEBSEQUENCE TMHMMZ . 8 outside 202 267
WEBSEQUENCE THMHMMZ . 8 THhelix 268 290
WEBSEQUENCE THMHMMZ . 8 inside 291 3@6
TMHMM posterior probabilities for WEBSEQUENCE
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Supplementary Figure 1: Output of the TMHMM 2.0 transmembrane domain predicting software

performed on the full-length amino acid sequences of each of the selected variants for the STEVOR V2
recombinant library. Transmembrane domains are predicted and displayed in purple, intercellular
portions of the protein in blue and extracellular in orange. Signal peptides, marking the beginning of

each protein sequence are also displayed in purple. All 11 graphics are displayed, and the identification

name of each sequence is displayed above its representative graph.
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Supplementary Figure 2: Coomassie Brilliant Blue R-250 stain of 4-15% BioRad precast Mini-

PROTEAN TGX SDS-PAGE gels of A) Molecular weight ladder (L), Pf3D7 1300900 SC (1),
Pf3D7_0832000_SC (2), Pf3D7_ 0832600 _SC (3), PfGNO1_040031100_V2 (4), PfIT 130077600 _V2
(5), PISNO1_140006300_V2 (6), PfGNO1_100006100_V2 (7), PfKEO1 10000580 V2 (8), and B)
Molecular weight ladder (L), PfSNO1_030005600_V2 (9), PfHB3 040028900_V2 (10),
PfGAO1_ 070034600 V2 (11), PfGNO1 020006800- V2 (12), PfSNO1 000011500 V2 (13),

PfGNO1_130006600 V2 (14).
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Supplementary Figure 3: Graphical summary of titration of all 14 recombinants at six-point eight-fold

dilution from 1000 pg/ml down to 0.0305 pg/ml against five-point two-fold dilution series of the
PRISM positive control serum pool from 1/100 down to 1/1600. The first three graphs, both from A)

and first from B) represent the semi-conserved domain recombinants and the rest, down to G) represent

the variable domain recombinants.
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Supplementary Figure 4: Shannon Entropy Index plot representing the level of diversity in each amino

acid position of the STEVOR semi-conserved domain alignment. The higher the value, the higher the
diversity. The black portions represent the highly conserved regions of the domain. The x-axis
represents the amino acid positions of the domain. Legend values represent the approximate entropy of

the different parts of the SC domain.
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STEVOR V2 Library
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Supplementary Figure 5: Visualisation of the large variable domain (V2) sequences selected to be

expressed as STEVOR recombinant protein library, shown in red, among the 80 available plasmids in
LSHTM from all 493 V2 amino acid sequences used in the PCA analysis (shown in black). The numbers
indicate the quadrant number (labelled 1-9) in which each of the library sequences is positioned,

summarised in Table 2.
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Supplementary Figure 6: A graphical representation of a phylogenetic tree of all 493 STEVOR V2

domain sequences generated on IQtree using JTT+F+G4 model and 1000 bootstrap replicates,
optimised using hill-climbing nearest neighbour interchange (NNI) and visualised using iTOL: Tree of
Life tool. Sequences names are colour coded according to the strain they belong to, indicated in the

legend. Sequences names with larger fond represent the 11 selected variants for the recombinant library.
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Chapter 6: Description of Study Sites for sample selection for
Research Paper 3: “Breadth of endemic serum antibody responses
to Plasmodium falciparum STEVOR recombinant protein antigen

library”.

Linking material to Chapter 7

6.1 Introduction

To address the hypothesis presented in Research Paper 3 (Chapter 7) that higher malaria
endemicity levels in a population characterised by increased exposure to P. falciparum will
increase the breadth of responses to the STEVOR V2 library, described in Research Paper 2
(Chapter 5), in an age and exposure dependent manner, samples from three malaria intervention
studies in Sub-Saharan Africa were selected (1). The aim was to choose samples representing
individuals from a high malaria endemicity setting, such as the FIGHTMAL study in Northern
Uganda (2010), as well as samples representing individuals from low malaria endemicity
settings, such as the MASSIV and MATAMAL clinical trials conducted in The Gambia (2019)
and the Bijagos islands of Guinea-Bissau (2021-2022), respectively (2),(3),(4). This chapter
provides detailed description to the three studies from which residual serum and dried blood
spots samples were sub-selected to be screened against the STEVOR V2 library alongside a
panel of established P. falciparum markers of infection on the multiplex bead-based serological

platform Luminex, presented in Research Paper 3 (95).
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6.2 FIGHTMAL

The FIGHTMAL serum samples used in the study were collected as part of a longitudinal
cohort study entitled “Correlating protection against malaria with serum profiles against
Plasmodium falciparum antigen repertoires (FIGHTMAL) - epidemiological studies in

Uganda”, conducted in 2010 in the Abedi parish, in Apac district, in Northern Uganda.

6.2.1 Study site and malaria endemicity.

The Abedi perish in Apac district in Northern Uganda is a rural area situated between Lake
Kyoka and the Victoria Nile (latitude: 1°59°0"'N and longitude: 32°32°0"'E), covering an area
of 3,255.9 square kilometres, indicated in Figure 1, with a population of over 282 thousand
people (6) . Apac district has a bimodal rainfall pattern with two short rainy seasons from April
to May and from September to October, followed by a dry season from November to March.
The district is regarded as holoendemic malaria area, characterised by intense malaria
transmission with overall Plasmodium falciparum parasite prevalence by microscopy of 37.5%
and by rRNA qPCR of 57.7% in 2009, both decreasing with increasing age. The highest
detected prevalence was found in children under five years of age of 55.8% by microscopy and

71.9% by qPCR (7).
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Figure 1: Figure adapted from the official site of Apac District, Government of Uganda. The area in red

indicates the borders of the Apac district within Uganda in yellow (6).

6.2.2 Study design and population.

The longitudinal cohort consisted of a total number of 509 participants from 300 recruited
households, stratified in three age groups: under 5 years of age, individuals with neither clinical
nor parasitic immunity (n=249), due to their immature immune systems and little exposure to
malaria infection; individuals between 6 and 10 years of age, individuals with clinical but no
parasitological immunity (n=126), characterised by high exposure to the infection due to their
behaviour nature, and thus suggested clinical immunity; and individuals over the age of 20,
assumed to possess both clinical and parasitological immunity (n=134). Clinical immunity to
malaria is defined as protection against symptomatic disease achieved through repeated

exposure, resulting in asymptomatic infection. This immunity included anti-parasitic responses
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(anti-parasitic immunity) that control parasitaemia, maintaining parasites as a low density.
Acquired immunity encompasses both the prevention of symptoms and the regulation of
parasite density, thereby reducing the risk of severe malaria or death (8). summarised in the
schematic in Figure 2 (9),(10),(11). The exclusion criteria were Z-score lower than 3 (weight-
for-height/height-for-age), severe anaemia, or the presence of any chronic disease. All
participants were clinically assessed for detection of malaria (fever) and received an
antimalarial treatment with artemether/lumefantrine (ACT) at a standard dose (six doses of
20mg/120mg) at enrolment, following baseline sample collection. Three timepoint sample
collections were conducted, during which a finger prick blood sample was collected for
microscopy thin and think smear, qPCR, RDT and haemoglobin levels to check for study
inclusion. Additionally, a dried blood spot (DBS) sample on filter paper and matching serum
samples were collected. Sample collection was performed at baseline prior to giving treatment,
post-parasite clearance (after 6 weeks), and post-peak transmission season (16 weeks after
baseline). Each participant was also given a long-lasting insecticidal net (LLIN) and was
followed for up to six months using passive case detection, receiving treatment for malaria if
they experienced a fever above 37.5°C with any parasite density (2). Written consent form was
obtained from each participant or guardian, and an assent form was obtained from adolescents

aged 12 and 17 years.
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qPCR (1RNA)
Hemoglobin test

Figure 2: FIGHTMAL longitudinal cohort study profile with participants per time point of sampling,

intervention type, study eligibility criteria and type of collected samples.

6.3 MASSIV

The MASSIV dried blood spot samples were collected during the clinical trial “Mass drug
administration of Ivermectin and Dihydroartemisinin-piperaquine as an additional intervention
for malaria elimination (MASSIV)” cluster-randomised trial (ClinicalTrials.gov ID:

NCT03576313) conducted in 2018 and 2019 in the Upper-River Region in The Gambia.

6.3.1 Study site and malaria endemicity.

The MASSIV trial was conducted in the Upper River Region (URR) of the eastern part of The
Gambia (latitude: 13°23°40°'N and longitude: 14°10°31""W). This area spans two thousand
square kilometres and has a population of 240 thousand people, illustrated in Figure 3. The
region experiences a single rainy season a year, between June and October, followed by a long

dry season from October to June. Malaria transmission is seasonal with highest transmission
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rates recorded immediately after the rainy season (October-November). The baseline malaria
prevalence of clusters selected for the trial was approximately 15% in November, determined

via varATS qPCR (12).

Central River

Western

0 50 100 kms

Figure 3: Map of the demographic division of The Gambia, MASSIV was conducted in the Upper River

region. Figure is adapted from Robello M. et. al (2015), PLOS NTD (13).

6.3.2 Study design and population.

MASSIV is a two-arm cluster-randomised mass drug administration (MDA) trial. The trial was
conducted in 32 clusters (villages), randomized in 1:1 ratio (16 clusters in each arm). The
intervention arm received dihydroartemisinin-piperaquine (DP) according to body weight per
manufacturer’s guidelines and ivermectin (IVM) at 300-400 pg/kg/day both once daily for
three days across three subsequent months during the transmission season starting from July in
both 2018 and 2019. There was no placebo control arm; the control arm did not receive any
MDA but did receive seasonal malaria chemoprophylaxis (SMC). Both arms received standard
malaria control interventions, including insecticide treated nets (ITNs), indoor residual
spraying (IRS) in 2019, as well as SMC and intermittent preventive treatment during pregnancy
(IPTp). SMC was not administered to eligible children under 5 years of age in the intervention

arm to avoid double antimalarial treatment. The participant exclusion criteria included children
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below the age of 6 months (DP) and below a weight of < 15 kg (IVM); individuals with chronic
illnesses, those who were pregnant (IVM: any trimester; DP: first trimester), breastfeeding
mothers (IVM), people who had travelled to Loa loa endemic countries (IVM) and

hypersensitivity to both treatments.

DBS samples from 200 individuals per cluster were collected in June 2019, nine months after
the first intervention, and in November 2019, one month after the second MDA intervention.
This resulted in a total of 3,103 samples in June (1,470 in the intervention and 1,540 in the
control arm) and 2,975 samples in November (1,479 in the intervention and 1,496 in the control
arm), as depicted in the schematic in Figure 4. All samples were analysed for P. falciparum
infection using varATS qPCR and were analysed for the presence of antigen-specific antibodies
against an established panel of P. falciparum markers of infection using Luminex MagPlex©
technology (3), (Kozits C. et. al, unpublished data). Written informed consent was obtained
from all adults; for children consent was provided by their guardians, and assent was obtained

for adolescents aged 12-17 years.

Initial Assessment
47 villages Enrolment criteria
3km distance
Intervention 3days/3months Popula.tion size .(200-600 inhabitants)
Dihydroartemisinin/piperaquine (DP) Baseline malaria prevalence (15%)
(160/20mg and 320/40mg) Enrollment
Ivermectin (IVM) 32 villages
(300-400 pg/kg/day) (n:IO.ﬁkSS)
Intervention Arm X . Contrel Arm
16 villages ]l.Jcluswn (‘l'l(t‘.l'la 16 villages
(1=4,939) Residents of the villages (1=5.699)
Cross-sectional IT}P 1VlM Cross-sectional
Samples (DBS) Age > 6 months Weight > 15kg Samples (DBS)
n=2.949 No croconicillnesses No croconicillnesses 1=3.036
Pregnancy No pregnancy
(2% and 3" trimester) No breastfeeding
No drugs for cardiac No previous travel to Loa
June 2019 Nov 2019 function loa endemic countries June 2019 Nov 2019
n=1.470 n=1.479 No hypersensitivity to DP No hypersensitivity to n=1.540 n=1.496
VM

Figure 4: MASSIV clinical trial study profile with participants per trial arm, intervention type, study

inclusion criteria, and collected samples.
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6.4 MATAMAL

The MATAMAL dried blood spots samples come from the quadruple-blinded cluster
randomised placebo-controlled trial “Adjunctive Ivermectin Mass Drug Administration of
Malaria Control on the Bijagos Archipelago of Guinea-Bissau” (CliniclTrials.gov ID:

NCT04844905) conducted in 2021 and 2022 in the Bijagos Archipelago of Guinea-Bissau.

6.4.1 Study site and malaria endemicity.

The Bijagos archipelago consists of 19 permanently inhabited islands approximately 50 km off
the coast of Guinea-Bissau, with a population of approximately 25 thousand people. Similar to
The Gambia, the archipelago is characterised with a long dry season and a short rainy season
from June to October (14). Malaria transmission is highly seasonal, with the highest 18S qPCR
P. falciparum prevalence recorded of 17.5% in November and lowest of 8.5% recorded in the
month of January in 2018. An exception is the island of Soga, which presented a qPCR
prevalence as high as 40%; however, this island was not included in the MATAMAL trial
(Hutchins H et a/, unpublished data). MATAMAL was conducted on 18 out of the 19 inhabited
islands of the Bijagos Archipelago, as indicated on the map in Figure 5. Highest P. falciparum

prevalence was recorded in children between 6 and 15 years of age.
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Figure 5: Map of the Bijagos Archipelago of Guinea-Bissau with MATAMAL clusters marked as stars

and landmarks of islands separated into different clusters marked as lines. Figure is adapted from

Hutchins H. et al. (2023), BMJ Open (4).

6.4.2 Study design and population.

Individual islands were selected as individual clusters, but three large islands (Bubaque,
Canhabaque and Uno) were sub-divided into three individual clusters each, separated by at
least 2km as a buffer zone. This resulted in total of 24 clusters, randomized in 1:1 ratio (12
clusters in each arm). Island Soga was not included in the trial but was treated as if it was in
the control arm, serving as a buffer zone due to its very high baseline malaria prevalence, which
made it an outlier and could have led to imbalance between the arms. All islands received ITNs
through the national malaria control program, with a coverage of 92%. IPTp was also
administered, although IRS is not deployed in Guinea Bisau. In the MATAMAL trial, the
intervention arm received dihydroartemisinin-piperaquine (DP) according to body weight per
manufacturer’s guidelines and ivermectin (IVM) at 300 pg/kg/day, both administered once

daily for three subsequent days across three subsequent months during the transmission season
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starting from July for both 2021 and 2022. Participants in the control arm received DP
according to body weight per manufacturer’s guidance and placebo IVM, which was
undistinguishable from the intervention IVM. The exclusion criteria of the intervention
included severe illness; children under 6 months (for DP); weight under 15kg (IVM/placebo);
pregnancy (any trimester for IVM/placebo and first trimester for DP); breastfeeding (for
IVM/placebo); and travel to Loa loa endemic countries (IVM/placebo); usage of drugs for

cardiac function (DP), and hypersensitivity to either or both treatments.

DBS samples were collected from 200 participants from each cluster, one month after the final
MDA intervention in each of both years of the trial, giving a total of 4,441 samples in 2021
(2,277 in the control and 2,164 in the intervention arm) and 4,383 samples in 2022 (2,300 in
the control and 2,083 in the intervention arm), as summarised in the schematic in Figure 6. A
cohort of 50 children aged 5 to 14 years were followed monthly throughout the malaria
transmission season in 18 clusters each year. At each visit, a DBS sample was collected (4). All
samples were analysed for P. falciparum infection using varATS qPCR and for the presence of
antigen-specific antibodies against an established panel of P. falciparum markers of infection
using Luminex MagPlex© technology. Written informed consent was obtained for all
participants or their guardians, and assent form was obtained from adolescents aged 12 to 17

years.
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Trial population Enrolment criteria
19 islands Malaria prevalence matched per arm
Buffer zone of at least 2km
Intervention
Dihydroartemisinin/piperaquine (DP) Intervention
(160/20mg and 320/40mg) Enrollment Dihydroartemisinin/piperaquine (DP)
Ivermectin (TVM) 18 islands (160/20mg and 320/40mg)
(300 pgfke/day) (24 clusters) Placebo TVM
(1=25.882) (300 pg/kg/day)
| l
Intervention Arm Control Arm
(ljzcll;lzt?;) <—‘ Exclusion criteria }—' (ljzcll;sotilos)
Cross-sectional Dll, ]Vl]'“ Cross-sectional
Samples (DBS) Age <6 months Weight < 15kg Samples (DBS)
n=4,247 Severe illness Severe illness n=4,577
Pregnancy Pregnancy
(1** trimester) Breastfeeding
Drugs for cardiac function Travel to Loa loa endemic
Nov 2021 Nov 2022 Hypersensitivity to DP countries Nov 2021 Nov 2022
n=2.164 n=2.083 Hypersensitivity to [IVM n=2.277 n=2.300

Figure 6: MATAMAL clinical trial study profile with participants per trial arm, intervention type, study

exclusion criteria and collected samples.
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6.5 Discussion

All available serum samples from the FIGHTMAL study were selected and a sub-selection of
a total of 1,278 DBS from MASSIV and MATAMAL was performed to be tested against the
newly developed library of STEVOR hypervariable recombinant antigens to explore the
breadth of responses in populations from settings characterised by different P. falciparum
endemicity levels. The sub-selection of the DBS samples was based on all malaria positive
samples by varATS P. falciparum qPCR one month after the second year of intervention for
MASSIV in November 2019 and two months after intervention for both years for MATAMAL,
November 2021 and November 2022, and the same sample number of qPCR malaria negative

DBS matched by timepoint, age-group and arm, per trial.

The aim was to use the FIGHTMAL samples to represent an area with high endemicity and
MASSIV/MATAMAL samples to represent areas with low endemicity. Although the reported
baseline prevalences for both The Gambia and the Bijagos Archipelago suggest moderate
endemicity, endpoint samples from MASSIV and samples from both cross-sectional sample
points for MATAMAL show qPCR prevalence in the control arms of 5.1%, 1.75%, and 6.64%,
respectively, indicating areas with low P falciparum endemicity (15),(Hutchins H et. al,
unpublished data). Furthermore, samples from all three studies come from individuals of all
ages, including children under the age of 5 years, making them good sample sets for the
research question, as breadth of responses against P. falciparum antigens is associated with age

in addition to exposure (9),(16).
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Abstract

The STEVOR protein family, part of the Plasmodium falciparum variable surface antigens
contributes to immune evasion and infected erythrocyte sequestration. Evidence suggests that
immunity against malaria involves a broad and geographically specific antibody responses to
different PAEMP1 variants, which play a crucial role in both uncomplicated and severe malaria
outcomes. Despite limited research on the STEVOR protein family, there is evidence showing

that antibody responses to variants correlate with age and confer protective immunity.

A library of 11 purified STEVOR hypervariable domain recombinants from non-reference
strains was used on the Luminex platform, to assess antibody responses across varying ages
and malaria endemicity. The aim was to explore the breadth of antibody responses to the
STEVOR library in settings with contrasting levels of malaria endemicity and to identify
STEVOR variants associated with early immune response and potential protection against
infection, while also comparing them to antibody responses to established serological markers

of seroincidence.

This study does not provide evidence that high malaria endemicity, characterised by an
increased exposure to P. falciparum, enhances the breadth of antibody responses to the
STEVOR hypervariable domain panel. Furthermore, the antibody reactivity levels to the
STEVOR recombinants did not correlate with level of endemicity, nor with clinical or
infectious status in individuals with uncomplicated or asymptomatic malaria. Additionally,
three recombinants were consistently serodominant across different levels of endemicity, and
three were minimally recognised in low endemicity settings, results attributed to differences in
host immunity and random effect. A new hypothesis that breadth of responses to STEVOR
variants is not driven by the setting’s P. falciparum endemicity level is made, and the high
breadth of responses even in short exposure in children is attributed to a mechanism of parasite

survival and level of cross-reactivity of antibodies to the STEVOR variants.
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Further research involving individuals with varying malaria clinical outcomes is needed to

clarify the significance of STEVOR hypervariability in disease pathology.
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7.1 Introduction

World Health Organisation (WHO) approved Plasmodium falciparum vaccines contain the
circumsporozoite P. falciparum protein (CSP) as the vaccine target to stimulate antibody
response in the recipients and potential protection of infection (1),(2). However, due to the
complexity of the parasite life cycle and its antigenic variation, the approach of “one antigen

one vaccine” may not be the most appropriate in achieving long-lasting protection (3),(4).

For instance, the RTS,S vaccine faces efficacy challenges, as it is based on the 3D7 reference
strain and on a single CSP protein type, which was found to be not well represented in some
targeted populations such as Ghana, due to high polyclonally of the infection as well as genetic
mutations of the targeted antigen. As a result, some parasites evade immune responses through
antigenic variation, progressing to the blood stage of the infection and bypassing vaccine-
induced immunity (5). Given the parasite's complex lifecycle and genetic variability, multi-
epitope or multi-antigen approaches could potentially address these challenges, offering

broader and more robust protection against Plasmodium falciparum.

Other vaccine candidates, such as the P. falciparum Apical Membrane Antigen 1 (PfAMA1)
and the P. falciparum Merozoite Surface Expressed Protein 1 (PMSP1.19) which possess
attributes such as exposure to the host circulation, antigenic properties and association with
diseases pathology, have been extensively investigated and have progressed to malaria vaccine
phase trials (6),(7). Both vaccine candidates have been explored in phase 1 clinical trials,
demonstrating similar safety profiles with transient local and systemic adverse events (6), (7).
For AMAI1, dose-dependent antibody responses were functional, exhibiting partial growth
inhibition in vitro. Moreover, antibody levels declined significantly within one year post-
vaccination, and challenges such as antigenic polymorphism in AMA1 could hinder broader
efficacy (6). For MSP1, all vaccinees seroconverted, producing long-lasting IgG and IgM titres,

with immune responses exceeding those observed in naturally exposed individuals. Functional
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assays showed that MSP1-specific antibodies activated neutrophils and induced complement
fixation but failed to directly inhibit merozoite invasion or growth in vitro. Despite robust
humoral and memory T-cell responses, the lack of direct inhibitory activity raised questions
about the vaccine’s clinical efficacy (7). Together, these studies highlight the limitations of P.
falciparum vaccine targets, such as short-lived antibody responses, antigenic variability, and

incomplete functional activity.

Furthermore, those and other proteins such as the Early Transcribed Membrane Protein 5
(Etramp5.Agl) and the Heat-Shock Protein 40 (HSP40.Ag1) have been established as markers
of P. falciparum exposure and have been extensively used in serosurveillance studies (8),(9).
Nevertheless, certain proteins with analogous vaccine-desired characteristics, such as the
members of the Sub-Telomeric Variable Open Reading frame protein family (STEVOR), have
not been as thoroughly examined in scientific literature regarding their antigenicity and patterns

of antibody responses in understanding their immunological significance.

STEVOR protein family is part of the Variable Surface Antigens (VSA) superfamily of proteins
identified in P. falciparum, alongside the var genes products P falciparum Erythrocyte
Membrane Protein 1 (P/EMP1) and the Repetitive Interspersed protein family (RIFIN),
characterised by hypervariability between members or each family (10). VSA proteins are
expressed by the parasite blood stage of infection and are transported to the membrane of the
infected erythrocytes (IE), associated with immune evasion and sequestration, two important
aspects of the parasite virulence (11),(12). P/EMPI1 variants differ primarily by their Duffy-
Binding Like (DBL) domains, where hundreds of DBL variants have already been identified
(13). Seropositivity to variants from the P/EMP1 protein family has been demonstrated to
increase with age and infection. In adults, there is a higher breadth of responses, the number of
variants an individual is seropositive to, which stabilises over time. Additionally, seropositivity
is higher in children with confirmed infection compared to those without. Furthermore, specific
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variants have been associated with seroprevalence early in life, while to other emerges later
and some are rarely recognised in a population study in Papa New Guinea, suggesting
geographically specific or serodominant variants (14). Evidence also suggests that immunity
to uncomplicated malaria is associated with broad repertoire of antibodies to P/AEMP1 variants,
where protection to severe diseases is associated with immunity to specific variants (15). Other
VSA research suggests a wide breadth of responses to P/EMPI1 variants early after first
infection which showed no correlation with clinical outcome, unlike breadth of responses to

other merozoite proteins found to be predictive of clinical outcome of the infection (16),(17).

Although less research has been conducted on the STEVOR protein family, a study using a
large number of VSA families variants form the 3D7 P. falciparum reference strain, including
STEVORs, among healthy individuals aged 6 to 20 years in Uganda, revealed that the overall
breadth of responses correlated with age but not with clinical malaria, with one STEVOR
variant identified to stimulate antibody responses related to protective immunity (18). The
variability of STEVOR proteins is predominantly concentrated in their hypervariable domain
(V2), while the remainder of the protein exhibits high conservation across variants. The V2
domain is also suggested to protrude into the extracellular space upon translocation and
expression on the IE and alongside the semi-conserved domain, it is shown that it possess

antigenic properties (19),(20).

This study proposes the use of a previously established library of purified STEVOR non-
reference strain V2 domain recombinant antigens to examine the antibody responses in
individuals across diverse age groups and malaria endemicity settings (21). The two samples’
settings selected for the study were samples from a longitudinal cohort from Uganda in 2010
(FIGHTMAL), characterised by high P. falciparum transmission intensity and subsequent high
exposure to infection in all ages. Around fifteen percent of the study individuals from
FIGHTMAL presented with clinical malaria (fever above 37°C). This study compares the
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serological responses to the STEVOR recombinant antigens in individuals from FIGHTMAL
to those from settings characterised by low malaria transmission and infection exposure and
individuals presenting with asymptomatic malaria only. The aim was to investigate the
relationship between antibody responses to STEVORs and malaria endemic settings
characterised by contrasting levels of P. falciparum endemicity, transmission intensity, and

infection exposure.

This study investigated the breadth of antibody responses to the STEVOR library, using the
multiplex bead-based platform Luminex, across serological samples from individuals in
different age groups, with and without current P. falciparum infection, and in settings with
contrasting malaria endemic status. This approach seeks to identify variants linked to early
immunity, which may be important in conferring protection against the infection. The study
compared the antibody responses to the STEVOR library to validated biomarkers of serological

incidence (PfAMA1, PMSP1.19, Rh5.1, Etramp5.Agl, HSP40.Agl and CSP) (22).

The study hypothesis was that individuals from higher P. falciparum endemicity settings,
characterised by higher infection exposure, are expected to have higher breadth of antibody

responses to the STEVOR proteins in age and exposure dependent manner.

236



7.2 Methods

7.2.1 Samples source

The samples used in the study were dried blood spots (DBS) and serum samples coming from
three larger studies (described in detail in Chapter 6): 1) Serum samples from the longitudinal
cohort “Correlating protection against malaria with serum profiles against Plasmodium
falciparum antigen repertoires: FIGHTMAL” (LSHTM Ethics #5539; Med Biotech
Laboratories in Kampala and the Uganda National Council of Science and Technology Ethics
#HS699), conducted in the Apac district, Northern Uganda in 2010 (23); 2) DBS samples from
the cluster-randomised two-arm mass drug administration (MDA) trial “Mass drug
administration of Ivermectin and Dihydroartemisinin-piperaquine as an additional intervention
for malaria elimination: MASSIV” (LSHTM Ethics #15823; The Gambia Government/MRC
joint Ethics Committee #1593), conducted in the Upper River region, The Gambia, in 2018 and
2019 (24); and 3) DBS samples from the quadruple-blinded cluster-randomised MDA placebo-
controlled trial “Adjunctive Ivermectin Mass Drug Administration for Malaria Control on the
Bijagos Archipelago of Guinea-Bissau: MATAMAL” (LSHTM Ethics: #19156; Comite
Nacional de Eticas de Saude Guinea-Bissau #084/CNES/INASA/2020), conducted in the
Bijagos Archipelago of Guinea-Bissau in 2021 and 2022 (25). The samples selected for this
study received ethical approval from the London School of Hygiene and Tropical Medicine
ethical review committee (#21505). Additional demographics data, clinical malaria recorded
data, infectious status (microscopy and/or PCR), and age and gender data collected as part of

the original studies was also used in this study and covered by the outlined above ethics.

7.2.2 Study populations
A total of 1,278 DBS samples and 1,270 serum samples were selected and used in the study as
follows (described in detail in Chapter 6): 1) FIGHTMAL (n=1,270), a longitudinal cohort

conducted in the Apac district in Northern Uganda in 2010, with participants sampled at
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baseline (n=498) prior to treatment, 6 weeks after intervention with artemether/lumefantrine
combination therapy (ACT) (n=491), and 16 weeks after ACT intervention (n=281) (23). 2)
MASSIVE (n=561), a cluster-randomised two-arm massive drug administration trial with
dihydroartemisinin-piperaquine (DP) and ivermectin (IVM) in 2018 and 2019, samples subset
one month after the second year of intervention in November 2019 (24). 3) MATAMAL
(n=717), a quadruple-blinded cluster-randomised placebo-controlled trial with DP and IVM in
2021 and 2022, samples subset two months after intervention in November 2021 (n=204) and
samples subset two months after intervention in November 2022 (n=513) (25). All available
samples from FIGHTMAL were used in the study and for the MASSIV and MATAMAL trials,
samples sub-selection was based on all malaria positive samples identified through varATS P.
falciparum qPCR at the sampling timepoints per trial, indicated above. Additionally, an equal
number of malaria-negative samples also based on var4ATS qPCR results were selected for
comparison. These malaria-negative samples were matched to the positive samples by time

point, age group and study arm for each trial.

Samples from November 2019 (MASSIV), November 2021 (MATAMAL) and November
2022 (MATAMAL) were merged to a single data set, referred to MASSIV/MATAMAL in this
paper, resulting in a sample set (n=1,278) representing low malaria endemicity, providing a
more robust sample size for the analysis (26),(Hutchins H et. al, unpublished). Merging these
two data sets across three timepoints was justified as the populations were from similar ethnic
groups, similar geographical and malaria transmission settings, and similar if not the same
malaria endemicity from trials involving similar intervention strategies (24),(25). No samples

were collected during 2020 due to the COVID-19 pandemic.

Antibody responses data for both FIGHTMAL and MASSIV/MATAMAL were stratified by
age groups: 1) below 5 years of age, representing individuals lacking clinical immunity; ii)
individuals aged between 5 and 15 years, characterised by the absence of clinical immunity but
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possessing some degree of parasitological immunity, also the age group associated with the
highest exposure to malarial infection; ii1) individuals above 15 years of age, individuals with
mature immunity and presumed clinical and parasitological immunity attributed to naturally
acquired immunity (NAI) to the parasite (27),(28). The Mann-Whitney non-parametric test was
performed to assess significant differences in MFI continuous data between MASSIV and
MATAMAL, and again on seropositivity data between the two datasets, to evaluate the

justification for merging them.

7.2.3 Recombinant proteins panel

A total of 21 recombinant antigens were chemically coupled onto MagPlex magnetic beads,
according to defined optimum concentration per antigen (EC50) (21),(29). The recombinants
were as follows: six established markers of malaria seroincidence (PfAMAI1, PMSP1.19,
Etramp5.Agl, HSP40.Agl, Rh5.1, and CSP), an internal serological control (Tetanus.toxoid),
three STEVOR semi-conserved domain (SC) recombinant antigens and 11 STEVOR large
hypervariable domain (V2) recombinant antigens as part of previously described STEVOR
recombinant antigen library, including: four variants from Guinean clinical isolate (PfGNO1),
three variants from Senegalese clinical isolate (PfSNO1), one variant from Kenyan clinical
isolate (P/KEO1), two variants from laboratory strains from Cambodia (P/fHB3 and PfIt) and

one variant from a laboratory strain from Gabon (PfGAO01) (21).

7.2.4 Multiplex bead-based serological assay

For MASSIV/MATAMAL samples, one 6mm punch per DBS was previously eluted in 400 pl
of antibody elution buffer (0.05% Tween 20, 0.5% BSA, 0.02% NaN3, and 0.002% E. coli
extract), resulting in 1/400 sample dilution. For FIGHTMAL samples, 1pl of serum was eluted
in 400 pl of the same antibody elution buffer, resulting in 1/400 sample dilution. All eluates
were stored at -20°C. Samples were thawed overnight and 50ul per sample was used to perform
the Luminex serology assay in a 96-well plate, following an optimised standard operating
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procedure, described elsewhere (29). In brief, samples were incubated with the antigen coupled
beads, washed with 1xPBS/Tween 20 and further incubated with Goat anti-human IgG R-
phycoerythrin (R-PE) labelled antibody (Jackson ImmunoResearch ©) for signal detection
using the MagPix© bioanalyzer to obtain antibody levels data in form of median fluorescence
intensity (MFI). MFI is a proxy measure of antibody titres in the eluted sample. A five-fold
standard curve from 1/50 to 1/31250 concentration of pooled positive serum from Ugandan
adults (PRISM) was used as positive control and for assessing plate-to-plate variations of the
assay (30). Two wells of elution buffer were used per plate to assess the background noise of
the assay and two wells per plate of malaria naive serum samples provided by UKHSA
(formally Public Health England: PHE) in 1/400 dilution were used as negative controls. MFI
data was quality assessed using the standard curves and background adjusted (subtracting the
background readings from the sample readings per antigen), resulting in clean MFI signal data

ready for analysis.

7.2.5 Statistical Analysis

All data were cleaned, coded, and analysed using R 4.2.3 computational platform (R Core
Team, 2023). The seroprevalence of each recombinant antigen was calculated as the proportion
of participants with MFI levels above the established seropositivity threshold per antigen (29).
This was defined as an MFI above the mean MFI plus three standard deviations (SD) of the
malaria naive negative samples. A logistic regression model was used to analyse the effect of
age group, sampling timepoint (FIGHTMAL) or intervention arm (MASSIV/MATAMAL), and
their interaction on seropositivity for each antigen. The model predictors were age, sampling
time/intervention arm and interaction term. The seropositivity percentage was converted to
proportions, and logistic regression was performed using logit () function with binomial family
in R computational platform. Separate models were fit for each antigen to evaluate antigen-

specific effects. Statistical significance of predictors was determined using Z-tests for model
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coefficients and directionality of differences, and p-values < 0.05 were considered significant.
Breadth of antibody responses was calculated per individual in each study and was categorised
as being seropositive for 1-3, 4-6, 7-9, or 10-11 of the STEVOR V2 recombinants. Grouping
the breadth of responses was justified due to large differences in seropositivity sample size of
breadth of responses to individual number of antigens. MFI continuous data per recombinant

per study was presented as raincloud plots.

7.3 Results

7.3.1 Samples statistics

The total number of FIGHTMAL serum samples used in the study was 1,270, out of which
52% (n=664) were female and 48% (n=606) were male. There were no samples of individuals
above 15 years of age for the 16-week post-ACT treatment group, highlighted in bold text in

Table 1.

Table 1: FIGHTMAL samples characteristics.

Baseline 6 weeks 16 weeks
Sample size (n) 498 491 281
Age strata, n (%)
<5 years 197 (39.6) 201 (40.9) 201 (71.5)
5 years — 15 years 168 (33.7) 166 (33.8) 80 (29.5)
> 15 years 133 (26.7) 124 (25.3) 0 (0.0)
Microscopy prevalence, n (%)
<5 years 87 (44.2) 43 (21.6) 73.5)
5 years — 15 years 88 (51.5) 41 (24.7) 8 (9.8)
> 15 years 15 (11.3) 0 (0.0) 0 (0.0)
Total 190 (38.2) 84 (17.2) 15(5.3)
qPCR prevalence, n (%) *
<S5 years 35(17.8) 40 (19.9) 16 (8.0)
5 years — 15 years 44 (26.2) 48 (28.9) 7(8.5)
> 15 years 35(26.3) 18 (14.5) 0 (0.0)
Total 114 (22.9) 106 (21.6) 23 (8.2)

Total prevalence
(Microscopy or qPCR), n (%)
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<5 years 122 (61.9) 83 (41.3) 23 (11.4)

5 years — 15 years 132 (78.9) 89 (53.6) 15 (18.8)
> 15 years 50 (37.6) 18 (14.5) 0 (0.00)
Total 304 (61.1) 190 (38.7) 38 (13.5)

*Samples negative for microscopy are further tested on rRNA qPCR.

The total number of MASSIV/MATAMAL DBS samples used in the study was 1,278, out of
which 48% (n=618) were female and 52% (n=660) were male. The sample size of individuals
below five years of age in the intervention group was significantly lower compared to the rest
of the groups. This discrepancy was because all qPCR positive samples from both clinical trials
were included in this study and negative samples were matched per age group and treatment
arm, and there were few qPCR positive samples from the trials particularly in the lowest age

group of the intervention arm.

Table 2: MASSIV/MATAMAL samples characteristics.

Control Intervention
Sample size (n) * 768 540
Age strata, n (%)
<5 years 106 (13.80) 48 (8.89)
5 years — 15 years 290 (37.76) 178 (32.96)
> 15 years 372 (48.44) 314 (58.15)

*50% of samples across each age group for both, control, and intervention arm, were P.
falciparum varATS qPCR positive.
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7.3.2 FIGHTMAL seroprevalence
The odds of being seropositive for the < 5 years age group at baseline were significant for all
markers of exposure and STEVOR recombinants but P/KEO1 100005800 (Z-score: -0.622; p-

value: 0.534), according to the logistic regression analysis summarised in Table 3.

There was a significant decreese in seropositivity for individuals above 15 years of age
compared to the younger age groups for all markers of exposure, except for PFAMAL1 (Z-score:
-1.904; p-value: 0.064). Conversely, there was a significant increase in seropositivty for few of
the V2 STEVOR recombinants, including PfKEO1 100005800, PAT 130077600,
PfHB3 040028900 and PfGAO1 070034600. The rest of the recombinants showed a
significant increase of seropositivity for the 5 — 15 years group compared to < 5 years group,

with no significant change in the oldest age group.

Sampling showed a positive effect on seropositivity 6 weeks post-treatement only for CSP (Z-
score: 4.884; p-value: < 0.001) and STEVOR6_SC (Z-score: 2.892; p-value: 0.003) while a
negative effect was observed for HSP40.Agl (Z-score: -3.454; p-value: < 0.001). Sampling at
16 weeks post treatment had a positive effect for all of the PfSNO1 strain STEVOR

recombinants.

Interaction terms generally showed no significant effect in this dataset, indicating that changes

in seropositivity were mostly driven by main effects of age or the time point of sampling.
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Figure 1: Percentage seropositive FIGHTMAL samples for baseline (prior to treatment) (salmon), 6
weeks after ACT treatment (pink) and 16 weeks after ACT treatment (red), stratified by age-group (<5
years, 5-15 years and > 15 years). Recombinant antigens are shown on the x-axis. STEVOR antigens
with the SC suffix refer to semi-conserved antigen targets. STEVOR antigens PAGNO1_ 130006600 —

PfGAO1 070034600 were all based on the large hypervariable loop.
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Table3: Logistic regression model analysing the effect of age group, sampling time point and their interaction on seropositivity for each antigen for FIGHTMAL

samples, in data format: Z-score (p-value)

Antigen Baseline 5 - 15 years > 15 years 6 weeks post 16 weeks post 5-15 years x 6 >15yearsx 6 S-15yearsx 16
(5 years) weeks post weeks post weeks post
PfAMA1 6.294 (<0.001) -0.019(0.984)  -1.904 (0.064) <0.001 (0.997)  <0.001(0.997) 1.707 (1.000) <0.001 (0.999) 1.707 (1.000)
PfMSP1.19 6.294 (<0.001) -0.019(0.984)  -2.955 (0.003) -1.022 (0.307) <0.001 (0.999) <0.001(0.999)  0.720 (0.471) 1.707 (1.000)
Etramp5.Agl 9.039 (<0.001) 1.536(0.125) -2.725 (0.006) 0.455 (0.649) 0.360 (0.718) 0.868 (0.385) -0.422 (0.673)  0.679 (0.497)
CSp 6.965 (< 0.001)  1.499 (0.134) -4.284 (<0.001) 4.884(<0.001) <0.001(0.999) 0.087(0.929) -0.900 (0.368) < 0.001 (0.999)
HSP40.Agl 3.216 (0.001) 2.604 (0.009) -3.978 (<0.001) -3.454(<0.001) 2.051 (0.040) 1.653 (0.098) 1.957 (0.050) -0.451 (0.652)
Rh5.1 9.098 (<0.001) 2.108 (0.035) -1.321 (0.035) 0.345 (0.730) <0.001 (0.999) 0.725 (0.469) -0.155(0.876)  <-0.001 (0.999)
STEVOR1_SC 8.504 (<0.001) 1.723 (0.085) -0.660 (0.509) 0.681 (0.496) 0.378 (0.705) 1.008 (0.313) 0.814 (0.416) 1.556 (0.119)
STEVORS_SC 6.626 (<0.001) 2.097 (0.036) 0.695 (0.487) 2.003 (0.045) 2.244 (0.025) 1.114 (0.265) 0.430 (0.667) 2.259 (0.024)
STEVOR6_SC 6.158 (<0.001) 2.271 (0.023) 1.497 (0.134) 2.892 (0.003) 0.914 (0.361) 0.526 (0.599) 0.549 (0.582) 2.662 (0.008)
PfGNO1_130006600 4.535(<0.001) 2.057 (0.039) 1.276 (0.202) 1.151 (0.249) 1.922 (0.055) 1.346 (0.178) 0.069 (0.945) 2.026 (0.043)
PfGNO01_100006100 4.793 (<0.001) 2.084 (0.037) 1.846 (0.065) 1.075 (0.283) 1.538 (0.124) 1.499 (0.134) 0.236 (0.814) 2.319 (0.020)
PfGNO01_ 020006800 3.216 (0.001) 2.494 (0.013) 0.608 (0.543) 1.150 (0.250) 2.051 (0.040) 1.027 (0.304) 0.267 (0.789) 2.615 (0.009)

PfGNO1_040031100
PfSNO1_000011500
PfSNO1_140006300
PfSNO1_030005600
PfKE01_100005800
PfIT 130077600
PfHB3 040028900
PfGAO01 070034600
Tetanus toxoid

-2.541 (0.011)
2.947 (0.003)
4.793 (< 0.001)
5.048 (< 0.001)
-0.622 (0.534)
-7.075 (< 0.001)
5.175 (< 0.001)
4.664 (< 0.001)
-5.141 (< 0.001)

1.961 (0.049)
2.361 (0.018)
2.201 (0.028)
2.589 (0.009)
1.586 (0.113)
1.998 (0.046)
2.367 (0.018)
1.275 (0.202)
0.572 (0.567)

5.416 (< 0.001)
1.013 (0.311)
0.851 (0.395)
1.190 (0.234)
4.923 (< 0.001)
6.259 (< 0.001)
3.545 (< 0.001)
3.693 (< 0.001)
0.554 (0.579)

-1.155 (0.248)
1.349 (0.177)
1.338 (0.181)
1.397 (0.163)
-0.381 (0.703)
-0.649 (0.516)
1.427 (0.154)
0.279 (0.780)
<-0.001 (0.999)

-0.557 (0.577)
3.287 (0.001)
2.449 (0.014)
2.432 (0.015)
0.283 (0.777)
1.077 (0.281)
1.587 (0.113)
-0.083 (0.934)
3.214 (0.001)

1.319 (0.187)
1.139 (0.254)
1.099 (0.272)
1.056 (0.291)
1.208 (0.227)
1.012 (0.311)
1.118 (0.264)
2.799 (0.005)
<-0.001 (0.999)

0.716 (0.474)
0.184 (0.854)
0.299 (0.765)
0.562 (0.574)
1.135 (0.256)
0.214 (0.831)
0.087 (0.931)
1.328 (0.184)
<-0.001 (1.00)

-0.166 (0.868)
2.513 (0.012)
1.650 (0.099)
1.737 (0.082)
0.719 (0.472)
-0.101 (0.919)
2.093 (0.036)
1.857 (0.063)
-0.513 (0.608)

* Highlighted p-value scores indicate significant change of seropositivity according to the set threshold value of 0.05, and positive or negative Z-score

indicates the direction of the change. The “x” in the column names indicate the interaction between the variables listed before and after the “x”

symbol.

245



7.3.3 MASSIV/MATAMAL seroprevalence

The odds of being seropositive for the < 5 years age group in the Control arm were significant
for all antigens and STEVOR recombinants, according to the logistic regression model results
summarised in Table 4. The oldes age group (> 15 years) showed strong, highly significant
effect for most antigens, indicating insreased seropositivity in older individuals. Age group 5 —
15 years also showed significant effects for many antigens, although the magnitude of the effect

was lower compared to > 15 years group.

There was no significant difference in seropositivity for the majority of the markers of exposure
between the intervention arms, except for the detected significant decreases in seroprevalence
in the Intervention arm for CSP (Z-score: -2.579; p-value: 0.009) and Rh5.1 (Z-score: -2.957;
p-value: 0.003). However, there was a significant increase in seropositivity for all semi-
conserved STEVOR recombinants and the majority of the STEVOR V2 recombinants in the
Intervention arm, with the exception of PfGNO1 040031100 (Z-score: -2.313; p-value: 0.021)

and PfIT 130077600 (Z-score: -3.398; p-value: <0.001).

There was some evidence for the effect of the interation between age and intervention arm,

although not as significnat as the individual effect of the two variables on seroprevalence.
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Table4: Logistic regression model analysing the effect of age group, intervention arm and their interaction on seropositivity for each antigen for

MASSIV/MATAMAL samples, in data format: Z-score (p-value)

Antigen Control 5—15 years > 15 years Intervention 5-15 years x > 15 years x
(5 years) Intervention Intervention
PfAMA1 -2.783 (0.005) 4357(<0.001) 8.916(<0.001) 1.373(0.170) -1.707 (0.012) -0.686 (0.493)
PfMSP1.19 2.521 (0.012) 5.336 (<0.001) 7.022 (<0.001) 0.493 (0.622) -1.286 (0.199) -0.385 (0.699)
EtrampS.Agl 9.018 (<0.001) 1.547(0.122) 2.171 (0.029) 1.480 (0.139) -1.744 (0.081) -0.445 (0.656)
CSp -7.545 (< 0.001) 1.271 (0.204) 9.461 (<0.001) -2.579 (0.009) 1.252 (0.210) 1.012 (0.311)
HSP40.Agl -8.273 (<0.001) 1.824 (0.068) 3.478 (<0.001) -0.430 (0.667) -1.221 (0.222) -0.906 (0.365)
Rh5.1 7.545(<0.001) -3.222 (0.001) -2.994 (0.003)  -2.957 (0.003) 0.163 (0.870) 1.084 (0.279)
STEVORI1_SC 5.555(<0.001) 4.269(<0.001) 5.659(<0.001) 3.818(<0.001) -2.519(0.012) -2.408 (0.016)
STEVORS_SC 7.545(<0.001) 2.804 (0.005) 4.206 (<0.001) 3.194 (0.001) -1.545 (0.122) -1.882 (0.059)
STEVOR6_SC 7.137 (<0.001) 2.316 (0.021) 3.861 (<0.001) 3.004 (0.003) -1.798 (0.072) -1.855 (0.064)
PfGNO1_130006600 7.545(<0.001) 0.619 (0.536) 3.395(<0.001) 1.397(0.163) -0.767 (0.443) -1.061 (0.289)
PfGNO01_100006100 7.137 (<0.001) 2.415 (0.016) 4.286 (<0.001) 3.596(<0.001) -1.916 (0.055) -2.039 (0.041)
PfGNO1_020006800 5.555(<0.001) 2.294 (0.022) 5.074 (<0.001) 2.766 (0.006) -1.697 (0.089) -1.655 (0.098)
PfGNO1_040031100 -4.325(<0.001) -2.519(0.012) -2.313(0.021)  -2.519 (0.024) 1.393 (0.164) 1.537 (0.124)
PfSNO1_000011500 7.137 (<0.001) 3.324(<0.001) 4.701 (<0.001) 4.662(<0.001) -2.656(0.008) -2.898 (0.004)

PfSNO1_140006300
PfSNO1_030005600
PfKE01_100005800
PfIT 130077600
PfHB3 040028900
PfGAO01 070034600
Tetanus toxoid

8.104 (< 0.001)
8.104 (< 0.001)
-2.521 (0.012)
-7.344 (< 0.001)
4.824 (< 0.001)
5.555 (< 0.001)
-6.235 (< 0.001)

1.695 (0.090)
2.242 (0.025)
-1.149 (0.250)
-3.327 (< 0.001)
2.716 (0.006)
1.692 (0.091)
-0.695 (0.487)

3.660 (< 0.001)
3.503 (< 0.001)
-0.551 (0.581)
-1.571 (0.116)
4.958 (< 0.001)
3.775 (< 0.001)
0.905 (0.365)

2.543 (0.011)
2.543 (0.011)
-0.919 (0.358)
-3.398 (< 0.001)
3.348 (< 0.001)
2.253 (0.024)
<-0.001 (0.999)

-1.503 (0.133)
-1.733 (0.0883)
0.032 (0.974)
1.716 (0.086)
-2.195 (0.028)
-2.347 (0.019)
<0.001 (0.999)

-1.787 (0.074)
-1.495 (0.135)
0.896 (0.358)
2.242 (0.025)
-2.249 (0.024)
-1.821 (0.024)

<0.001 (0.999)

* Highlighted p-value scores indicate significant change of seropositivity according to the set threshold value of 0.05, and positive or negative Z-score

indicates the direction of the change. The “x” in the column names indicate the interaction between the variables listed before and after the “x”

symbol..
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7.3.4 Recombinants seroreactivity profiles

There was a marked difference between the seroreactivity profiles of FIGHTMAL samples
versus the MASSIV/MATAMAL samples to all validated markers of seroincidence, with
higher antibody titres (MFI values) in FIGHTMAL samples in all age groups across all
sampling time points, as demonstrated in the raincloud plots for PFAMAL in Figure 3. The
seroreactivity profile figures to the rest of the validated markers can be found in Supplementary
Figures 1.1-1.5. However, the antibody titre profiles to the STEVOR recombinants were not as
different between the two studies, more pronounced for the STEVOR V2 library recombinants,
as demonstrated for PfGAO1 070034600 in Figure 5 (Supplementary Figures 1.8-1.17)
compared to the semi-conserved recombinants, exampled for STEVORI1 SC in Figure 4

(Supplementary Figure 1.6-1.7).
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Figure 3: PFAMAI raincloud plots of cleaned MFI data for all A) FIGHTMAL samples and all B)
MASSIV/MATAMAL samples. Scatter plots represent each individual sample, boxplots represent mean
plus standard deviation of the data and the cloud represents the background shape of the data. Data is
colour coded per A) Timepoint of sampling and B) Treatment arm. Dashed line represents the
seropositivity threshold calculated using mean negative MFI plus three standard deviations. All samples

above the dashed line are perceived seropositive to the antigen.
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B) STEVOR1_SC (MASSIV_MATAMAL)
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Figure 4: STEVOR1_SC raincloud plots of cleaned MFI data for all A) FIGHTMAL samples and all
B) MASSIV/MATAMAL samples. Scatter plots represent each individual sample, boxplots represent
mean plus standard deviation of the data and the cloud represents the background shape of the data.
Data is colour coded per A) Timepoint of sampling and B) Treatment arm. Dashed line represents the
seropositivity threshold calculated using mean negative MFI plus three standard deviations. All samples

above the dashed line are perceived seropositive to the antigen.
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Figure 5: PfGAO1 070034600 raincloud plots of cleaned MFTI data for all A) FIGHTMAL samples and
all B) MASSIV/MATAMAL samples. Scatter plots represent each individual sample, boxplots represent
mean plus standard deviation of the data and the cloud represents the background shape of the data.
Data is colour coded per A) Timepoint of sampling and B) Treatment arm. Dashed line represents the
seropositivity threshold calculated using mean negative MFI plus three standard deviations. All samples

above the dashed line are perceived seropositive to the antigen.

7.3.5 Breadth of responses to STEVOR V2 recombinants

A total of 85.4% (n=1,084) of all FIGHTMAL samples used in the study were found to be
seropositive to at least one of the STEVOR V2 recombinants. These represent 90.6% (n=451)
of baseline samples, 79.6% (n=391) of 6 weeks post ACT treatment samples and 86.1%
(n=242) of 16 weeks post ACT treatment samples. A total of 36.5% (n=396) of total
seropositive FIGHTMAL samples were seropositive to all 11 STEVOR V2 recombinant
antigens: 35.0% (n=158) of baseline samples, 24.5% (n=96) of 6 weeks post samples, and
58.7% (n=142) of 16 weeks post samples, making the most of the samples in the 10-11 antigen

group illustrated in Figure 6.
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Consequently, a total of 14.7% (n=186) of all samples from the FIGHTMAL study were not
seropositive to any of the 11 STEVOR V2 recombinants. Those represent 9.4% (n=47) of
baseline samples, 20.4% (n=100) of 6 weeks post ACT treatment samples, and 13.9% (n=39)
of 16 weeks post ACT treatment samples. This data is not included in Figure 6, as it reduces
the resolution of breadth of responses data falling under the rest of the antigen categories. An
adapted version including the breadth of responses to 0 antigens can be found in Supplementary

Figure 2.

STEVOR V2 breadth of recognition (High Endemicity)
100-

75-

50-
- ‘
B —
100-
50-
0- | e
© © o

- <+ ~ ]

sieaf G >

o

~
w

Sampling
. Baseline

B 6 weeks post
B 16 weeks post

N
@
siealk G| -G

Breadth of responces (%)
o Z

100-

75-

sieaf G| <

10-11

Figure 6: FIGHTMAL population (n=1,084) prevalence of the breadth of antibody responses to the
STEVOR V2 recombinant antigens according to four categories (1-3, 4-6, 7-9, and 10-11 recombinant

antigens). Breadth of responses prevalence is stratified by age group (< 5 years, 5-15 years and > 15
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years) and sampling timepoint: Baseline (grey), 6 weeks post treatment (light purple) and 16 weeks post

treatment (dark purple), indicated in the legend.

A total of 94.6% (n=1,209) of all MASSIV/MATAMAL samples were seropositive to at least
one of the STEVOR V2 recombinant antigens: 93.6% (n=702) of the control arm and 96.1%
(n=507) of the intervention arm samples, (Figure 7). Most of the seropositive
MASSIV/MATAMAL samples of 43.8% (n=560) were seropositive for eight STEVOR V2
recombinants: 44.4% (n=312) of control samples and 48.9% (n=248) of intervention samples,
making the majority of the samples in the 7-9 recombinant antigens group (Figure 7). Almost

all samples seropositive to eight V2 recombinants were systematically seronegative to three

members of the library: PAGNO1 040031100, PAITO1 130077600, and P/KEO1 100005800.

Consequently, a total of 5.4% (n=69) of the MASSIV/MATAMAL samples did not cross the
seropositivity threshold for any of the STEVOR V2 recombinant antigens, representing 6.7%
(n=50) of samples from the control arm and 3.8% (n=20) from the intervention arm. This data
was not included in Figure 7, as it reduces the resolution of breadth of responses data falling
under the rest of the antigen categories. An adapted version including the breadth of responses

to 0 antigens can be found as Supplementary Figure 3.
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Figure 7: MASSIV/MATAMAL population (n=1,209) prevalence of breadth of antibody responses to
the STEVOR V2 recombinant antigens according to four categories (1-3, 4-6, 7-9, and 10-11
recombinant antigens). Breadth of responses prevalence is stratified by age group (< 5 years, 5-15 years

and > 15 years) and intervention arms: Control (grey) and Intervention (purple), indicated in the legend.
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7.4 Discussion

This study aimed to investigate the impact of the P. falciparum contrasting endemicity levels
in different settings on the breadth of antibody responses to the STEVOR protein family,
defined as the number of STEVOR hypervariable domain recombinant antigens that
individuals are seropositive to, out of the total 11 geographically diverse recombinants tested
(21). The populations used in the study included participants from high (FIGHTMAL) and low
(MASSIV/MATAMAL) malaria endemicity settings. The sample sizes of the two investigated
populations were matched, and stratified by age groups, according to their assumed malaria
immunological profiles (27),(28). Seroprevalence to validated markers of seroincidence was
used as a control for the data analysis and results interpretation.There were no significant
differences in seroprevalence across the age groups for the validated markers of seroincidence,
but for HSP40.Agl and Rh5.1 in FIGHTMAL and PfAMA1l and PfMSPI1.19 in
MASSIV/MATAMAL. Although these recombinants are regarded as markers of malaria
exposure, with age and exposure dependent acquisition of antibodies, the lack of differences in
the high endemicity setting (FIGHTMAL) is likely to be since the area is holoendemic for
malaria at the time of sample collection (31). The highest P. falciparum prevalence was
recorded above 70% in children under five, thus an immune response to markers such as
PfAMAT and PfMSP1.19, but not to the sporozoite protein CSP, HSP40 or RGS5.1, is expected
to be already high in this age group (32),(33). Seroprevalence to these markers was comparably
lower in the MASSIV/IMATAMAL sample set, but the lack of significant increase in
seroprevalence with age can be attributed to the fact that 50 % of the sub-selected samples for
this study from the original studies were P. falciparum varATS qPCR positive across each age
groups for both, the control, and intervention arms, not representing the true P. falciparum
prevalence in the settings. Furthermore, these results were supported by the serological

outcomes from both MASSIV and MATAMAL trials, showing no significant increase of
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antibody acquisition to the markers associated with age or intervention arm (Kositz C et al
unpublished), (Hutchins H et al. unpublished). However, we found a significant decrease in
CSP and Rh5.1 seroprevalence in the intervention arm compared to the control arm, where
there was a significant increase in seroprevalence for all semi-conserved and most variable
domain STEVOR recombinants. These results suggest that the intervention influenced the
seropositivity, but the diresction of influence was not consistent between markers of exposure
and the STEVOR recombinants. Since antigens such as CSP and Rh5.1 are associated with
exposure to the malaria parasite during the sporozoite and blood-stage of the infection, the
reduction of transmission and infection rates in the intervention arm can explain the decrease
of seropositivity (34). On the other hand STEVORSs are variable surface antigens expressed
during the intraerythrocytic stages of the parasites and increase seroprevalence to the
recombinants may indicate a continues low-level infections, not entirely cleared by the

intervention (35).

In the FIGHTMAL study, the high prevalence of malaria may explain the observed high
seropositivity to all STEVOR recombinants. The study samples were seropositive to all
markers of exposure, even in children under 5 years of age, which is consistent with the
holoendemicity of malaria in the region, as outlined above (31). However, a notable
observation is that the overall recorded seroprevalence to the STEVOR recombinants was
considerably higher compared to the markers of exposure, even in the low endemicity samples
for the under-5 age group—an unusual finding. The high seropositivity to a large repertoire of
STEVORs even in low endemicity settings in children could indicate a heightened or more
durable immune response to these antigens compared to markers of exposure, or may reflect
the parasite's ability to express these antigens across various stages of infection, making them
more immunogenic or detectable over time, an observation not previously demonstrated for

STEVORSs(35). Individuals’ malaria status historical data was not available for the study and
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only qPCR results at the time of sample collection was available which provides only a
snapshot of malaria infection at this particular time. Previous studies comparing seropositivity
to STEVOR variants with other VSA families have yielded varying conclusions. While some
have reported broader immune responses to STEVORs compared to P/EMP1 due to conserved
immunogenic domains, others have shown the opposite, with STEVOR seroprevalence being
lower than that of P/EMP1 and the RIFIN family (36), (37). Furthermore, antigenic variability
and cross-reactivity among VSAs have been highlighted differently across studies, ranging
from observed cross-reactivity across heterogeneous STEVOR variants to weak cross-
reactivity of antibodies to PFEMP1 (37), (38). However, studies on STEVORSs generally do not
emphasize their suggested role in chronic parasitaemia but instead provide nuanced insights
into their protective potential and antigenic variability, underscoring the complex
immunological landscape of STEVORSs and their potential implications for malaria control

strategies (37), (38).

Another possible explanation for this discrepancy could be the threshold used to determine
seropositivity. The use of serum from malaria-naive individuals in the UK, who have never
been exposed to malaria, to establish the threshold may not be entirely appropriate. These
individuals lack any prior exposure to the parasite, which might lead to an underestimated
threshold that does not accurately reflect low-level exposure in endemic regions, as well as
may not account for low levels of cross-reactivity or background immune activity in endemic
populations. This could result in an artificial inflation of seropositivity in individuals with
minimal or past exposure. Using alternative methods to derive seropositivity thresholds, such
as utilising samples from endemic areas with known exposure histories and longitudinal data,
was not feasible for this study due to limited knowledge about STEVOR variability and

exposure to variants. Another potential approach is the application of mathematical or machine
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learning techniques, such as finite mixture models, which determine positive and negative

populations for each antigen relative to the studied data (39).

Notably, the differences in seroprevalence profiles between the two studies for the validated
markers is also observed in the antibody titre profiles (MFI levels), with higher MFI values
recorded for individuals from the FIGHTMAL study across all ages, as compared to those from
MASSIV/MATAMAL, due to higher exposure to the infection, as these recombinant antigens
are regarded as markers of P. falciparum infection exposure with age and exposure dependent
antibody acquisition (22),(28),(40). However, the antibody titre profiles to the STEVOR
recombinants were not as different between the two studies, particularly the antibody titre
profiles to the STEVOR V2 library recombinants. This suggests that the difference in
endemicity level and subsequently exposure to the infection do not influence the level of
antibody responses to members of the STEVOR protein family. This is a controversial result
to already published literature using peptide arrays of STEVOR semi-conserved and
hypervariable domains, showing that antibody levels against both STEVOR domains are
positively correlated with age, exposure and clinical outcome of the infection (20). However,
the results in the mentioned study are based on only six STEVOR variants from the 3D7
reference strain, which might not be the best approach for investigating the seroreactivity to

STEVORs in clinical samples (21),(41).

The study then investigated if the endemicity levels influenced the breadth of responses to the
STEVOR V2 library, hypothesising that higher endemicity levels will increase the breadth of
responses. Aligning with the hypothesis most of the samples from the lower endemicity setting
showed lower breadth of responses, with most of the MASSIV/MATAMAL samples having a
breadth of responses to eight out of the 11 recombinants and were systematically seronegative
to PfGNO1 04003100, PfKEO1 100005800, and PATO1 130077600, compared to the
majority of FIGHTMAL individuals being seropositive to all 11 STEVOR V2 recombinants.
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Interestingly, these variants were the only V2 recombinants to which there was no significant
increase in seroprevalence with age in the FIGHTMAL samples too, suggesting no differences
in levels of exposure to them with time in the high endemicity setting. These variants are from
a Guinean and Kenyan clinical isolates, and a Cambodian laboratory strain, respectively. Thus,
there was no pattern of geographical association between them, however, it appears that
individuals from the MASSIV/MATAMAL sample set were not exposed to these variants and
seroreactivity to them in the rest of the samples could be attributed to cross reactivity. Although
MASSIV/MATAMAL samples present with lower breadth of responses compared to the
FIGHTMAL samples, there was a substantial number of samples seropositive to all tested
STEVOR V2 recombinants. The controlled human malaria infection (CHMI) trial by Turner et
al. in 2011 demonstrated that even a single brief exposure to P. falciparum in children generates
a broad repertoire of antibodies against P/EMP1 domains. These antibodies were also found to
be cross-reactive to P/EMP1 domains form parasites with different genomes (16). These
breadth of responses were also shown to be none uniform amongst individuals, suggesting that
differences in the acquisition of repertoire of antibodies to VSAs are more likely due to
individual differences in the ability to induce immune response (16). Thus, a newly formed
hypothesis that antibodies to variable STEVOR domains are generated quickly even in low
endemicity settings, characterised by low P. falciparum exposure in children is made, and the
differences in the breadth of responses were more likely due to individual host immune
variations. Moreover, there was a high level of cross-reactivity of antibodies to VSAs
demonstrated in a CHMI trial showing the generation of cross-reactive antibodies to more than
five different parasite’s genomes after a single specific infection, could also explain the high
breadth of responses to the specifically selected STEVOR V2 recombinants coming from

various geographical clinical isolates and laboratory strains (16),(42).
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Moreover, there was no pattern of antibody acquisition to variants following other variants
from a preliminary network analysis which is not presented in the study since the network did
not give any insight into the exploration of the STEVOR V2 breadth of response. The lack of

pattern is also observed for other VSA variants in the CHMI studies (16),(42).

The first two STEVOR V2 variants that individuals become seropositive to were
PfGAO1 070034600 for both tested populations, and P/SNO1 030005600 for FIGHTMAL and
P/SNO1_000011500 for MASSIV/MATAMAL. For the individuals with low breadth of
responses, antibodies against STEVOR variants to which individuals become seropositive first
seem to compete with each other, as those seropositive to one of the variants are always
seronegative to the other and vice versa. Although previous work on antibody repsonses to
other VSAs demonstrated that the number of serorecognised variants in individuals is
dependent on individual immune characteristics and the sequence of variant recognision is

random (16),(42).

7.5 Conclusion

This study provides further insights into seroreactivity against P. falciparum STEVOR proteins
using a panel of 11 STEVOR V2 recombinant antigens based on STEVOR variants from

geographically diverse, non-reference strain seqeunces.

This study does not demonstrate that high malaria endemicty, with relatively greater exposure
to P. falciparum would result in a individuals having a wider breadth of responses to the
STEVOR hypervariable domain pannel. As a result, a new hypothesis was formed, that high
breadth of responses to STEVOR V2 variants is expected even after a single infection in
children, which may reflect the parasite’s ability to express these antigens across various stages
of infection, making them more immunogenic or detectable over time, or as a result of degree

of cross-reactivity of antibodies to STEVOR variants
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However, there were some differences, where individuals from lower P. falciparum endemicity
settings presented with lower breadth of responses, whilst antibody levels of reactivity to the
panel was not related to the endemicity. Additionally, three recombinants were found to be
serodominant despite the endemicity levels, and three recombinants were found to be the least
serorecognised in low endemicity settings, however those findings were not strongly supported

to be significant.

The question remains of why is the STEVOR hypervariability important for the parasite,
considering the quick immune response to all variants tested, despite the setting’s endemicity
level and levels of infection exposure. Further work testing the panel on individuals with
different clinical malaria outcome should be done to elucidate the importance of STEVORSs in

disease pathology, already suggested in literature.

The findings underscore the need for refining serological thresholds and advancing out
understanding of STEVOR immunogenicity to accurately interpret seroprevalence patterns and

their implications in malaria infection immunity.
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7.6 Limitations

This study utilised residual samples from historical studies, resulting in the absence of samples
representing individuals above 15 years of age in the 16 weeks post ACT treatment from the
FIGHTMAL study, due to serum unavailability. Consequently, the interpretation of results was
based on the other two age groups (“< 5 years” and “5 — 15 years”). Moreover, the longitudinal
samples from the FIGHTMAL study for the 16 weeks post treatment sampling were lower than
those of the other sampling points, potentially influencing the conclusions made from the

percentage seropositivity analysis.

Pooling samples from two distinct population studies is suboptimal, particularly in studying
human immune responses, which is the case of the MASSIV/MATAMAL sample set. However,
this decision was based on the geographical proximity of the two populations, exhibiting
similar P. falciparum endemicity and malaria transmission patterns, and almost identically
designed interventional studies, with sampling at the same time of the year, aimed at achieving
a more robust sample size for statistical significance. This aggregated sample set represents a
setting of low malaria endemicity, although the sample set was chosen to have all cases from
the original studies and matched controls, resulting in 50% P. falciparum varATS qPCR
positivity across all age groups in both treatment arms. Nevertheless, PCR positivity provides
only a snapshot of the malaria situation in the region, compare to antibody responses, thus these
samples remain relevant for studying antibody responses in low endemicity settings. Sample
sub-selection from the original sample sets was necessary due to resource constraints for

conducting Luminex analysis with large target number.

Although the demographics and interventions of the two studies are similar if not identical,
dissection of the MFI responses per study reveals significant differences in MFIs for all markers

of exposure and STEVOR recombinants. These differences are illustrated in the series of
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raincloud plots in Supplementary Figures 5.1-5.21, as determined by the Mann-Whitney non-
parametric test for significance. However, these differences are less pronounced when
comparing populations seropositivity according to the calculated threshold, shown in
Supplementary Figure 4, which has a p-value of 0.03, indicating only a weak association of
significant differences. Therefore, all comparative analysis between FIGHTMAL and
MASSIV/MATAMAL was done looking at seropositivity rather an as a quantitative analysis

using continues MFI data.

Despite the presented findings, the study has notable limitations, and the results should be
regarded as associative rather than conclusive. Ideally, the analysis would have been conducted
separately for the two populations; however, the small sample sizes posed a challenge. A better
approach would have been to focus on one trial and test the antigens against a larger sample
size, even if many were malaria-negative, rather than pooling the two populations and sub-
selecting. Unfortunately, resource constraints made this approach infeasible. To validate the
conclusions drawn in this study, further research with larger sample sizes from Sub-Saharan
African regions characterized by low malaria endemicity is necessary.Finally, the study
compares antibody responses between two types of samples: serum (FIGHTMAL) and DBS
(MASSIV/MATAMAL). To adjust for this difference as much as possible, samples were
diluted to the same dilution factor in the same elution buffer prior processing them on the
Luminex platform. However, while a 1/400 dilution of serum and a 1/400 dilution of DBS
eluate may theoretically seem equivalent, significant limitations arise from differences in
sample composition, analyte recovery, and assay compatibility. Serum is a purified liquid
matrix, while DBS eluates contain additional components like haemoglobin and cell debris that
can interfere with assays. Variability in analyte recovery from DBS, influenced by elution
efficiency and haematocrit levels, may result in inconsistent concentrations compared to serum.

Furthermore, analytes may degrade differently in DBS. The discussed factors make it difficult

264



to directly compare results between the two sample types without robust standardization. In
this study, these limitations were unavoidable due to the nature of the available samples. While
previous studies have shown no significant differences in seropositivity when using paired
serum and DBS samples, the conclusions of this study should be interpreted as indicative rather
than definitive (43), (44). The differences in sample types inherently limit the ability to fully
compare the breadth of antibody responses across the tested populations. By measuring total
IgG concentrations in both serum and DBS samples, antigen-specific antibody levels could
potentially be normalized relative to total IgG, for instance by expressing responses as a ratio

of antigen-specific IgG to total IgG.
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7.8 List of abbreviations:

e PfEMPI: Plasmodium falciparum Erythrocyte Membrane Protein 1
e STEVOR: Sub-Telomeric Variable Open Reading frame family
e  WHO: World Health Organisation

e (CSP: Circumsporotite Protein

e PfAMAIL: Plasmodium falciparum Apical Membrane Antigen 1
e PMSPI1.19: Plasmodium falciparum Merozoite Surface Protein 1
e Etramp5.Agl: Early Transcribed Membrane Protein 5

e HSP40.Agl: Heat-Shock Protein 40

e VSA: Variable Surface Antigens

e RIFIN: Repetitive Interspersed Family

e DBL: Duffy-Like Binding domain

e DBS: Dry Blood Spots

e MDA: Mass Drug Administration

e ACT: Artemisinin Combination Therapy

e DP: Dihydroartemisinin-piperaquine

e [VM: Ivermectin

e ECS50: Half Maximum Effect Concentration

e SC: Semi-Conserved domain

e V2: Large hypervariable domain

e UKHSA: United Kingdom Health Security Agency

e MFI: Median Fluorescence Intensity

e SD: Standard Deviation

e Rh5.1: Reticulocyte-Binding protein Homologue 5
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7.10 Supplementary data
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Supplementary Figure 1.1: PMSP1.19 raincloud plots of cleaned MFI data for all A) FIGHTMAL

samples and all B) MASSIV/MATAMAL samples. Scatter plots represent each individual sample,
boxplots represent mean plus standard deviation of the data and the cloud represents the background
shape of the data. Data is colour coded per A) Timepoint of sampling and B) Treatment arm. Dashed
line represents the seropositivity threshold calculated using mean negative MFI plus three standard
deviations. All samples above the dashed line are perceived seropositive to the antigen.
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Supplementary Figure 1.2: Etramp5.Agl raincloud plots of cleaned MFI data for all A) FIGHTMAL

samples and all B) MASSIV/MATAMAL samples. Scatter plots represent each individual sample,
boxplots represent mean plus standard deviation of the data and the cloud represents the background
shape of the data. Data is colour coded per A) Timepoint of sampling and B) Treatment arm. Dashed
line represents the seropositivity threshold calculated using mean negative MFI plus three standard

deviations. All samples above the dashed line are perceived seropositive to the antigen.
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Supplementary Figure 1.3: CSP raincloud plots of cleaned MFI data for all A) FIGHTMAL samples

and all B) MASSIV/MATAMAL samples. Scatter plots represent each individual sample, boxplots
represent mean plus standard deviation of the data and the cloud represents the background shape of
the data. Data is colour coded per A) Timepoint of sampling and B) Treatment arm. Dashed line
represents the seropositivity threshold calculated using mean negative MFI plus three standard

deviations. All samples above the dashed line are perceived seropositive to the antigen.
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A) HSP40.Ag1 (FIGHTMAL)
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Supplementary Figure 1.4: HSP40.Agl raincloud plots of cleaned MFI data for all A) FIGHTMAL

samples and all B) MASSIV/MATAMAL samples. Scatter plots represent each individual sample,
boxplots represent mean plus standard deviation of the data and the cloud represents the background
shape of the data. Data is colour coded per A) Timepoint of sampling and B) Treatment arm. Dashed
line represents the seropositivity threshold calculated using mean negative MFI plus three standard
deviations. All samples above the dashed line are perceived seropositive to the antigen.
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A) Rh5.1 (FIGHTMAL)
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Supplementary Figure 1.5: Rh5.1 raincloud plots of cleaned MFI data for all A) FIGHTMAL samples

and all B) MASSIV/MATAMAL samples. Scatter plots represent each individual sample, boxplots
represent mean plus standard deviation of the data and the cloud represents the background shape of
the data. Data is colour coded per A) Timepoint of sampling and B) Treatment arm. Dashed line
represents the seropositivity threshold calculated using mean negative MFI plus three standard

deviations. All samples above the dashed line are perceived seropositive to the antigen.
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Supplementary Figure 1.6: STEVORS_SC raincloud plots of cleaned MFI data for all A) FIGHTMAL

samples and all B) MASSIV/MATAMAL samples. Scatter plots represent each individual sample,
boxplots represent mean plus standard deviation of the data and the cloud represents the background
shape of the data. Data is colour coded per A) Timepoint of sampling and B) Treatment arm. Dashed
line represents the seropositivity threshold calculated using mean negative MFI plus three standard
deviations. All samples above the dashed line are perceived seropositive to the antigen.
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Supplementary Figure 1.7: STEVOR6_SC raincloud plots of cleaned MFI data for all A) FIGHTMAL

samples and all B) MASSIV/MATAMAL samples. Scatter plots represent each individual sample,
boxplots represent mean plus standard deviation of the data and the cloud represents the background
shape of the data. Data is colour coded per A) Timepoint of sampling and B) Treatment arm. Dashed
line represents the seropositivity threshold calculated using mean negative MFI plus three standard

deviations. All samples above the dashed line are perceived seropositive to the antigen.
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A) PfGNO1_130006600 (FIGHTMAL)
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Supplementary Figure 1.8: PfGNO1 130006600 raincloud plots of cleaned MFI data for all A)

FIGHTMAL samples and all B) MASSIV/MATAMAL samples. Scatter plots represent each individual
sample, boxplots represent mean plus standard deviation of the data and the cloud represents the
background shape of the data. Data is colour coded per A) Timepoint of sampling and B) Treatment
arm. Dashed line represents the seropositivity threshold calculated using mean negative MFI plus three

standard deviations. All samples above the dashed line are perceived seropositive to the antigen.
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A) PfGNO1_100006100 (FIGHTMAL)
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Supplementary Figure 1.9: PfGNO1 100006100 raincloud plots of cleaned MFI data for all A)

FIGHTMAL samples and all B) MASSIV/MATAMAL samples. Scatter plots represent each individual
sample, boxplots represent mean plus standard deviation of the data and the cloud represents the
background shape of the data. Data is colour coded per A) Timepoint of sampling and B) Treatment
arm. Dashed line represents the seropositivity threshold calculated using mean negative MFI plus three
standard deviations. All samples above the dashed line are perceived seropositive to the antigen.
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A) PfGNO1_020006800 (FIGHTMAL)

3000 -

2000 -
Timepoint
' _ . Baseline
e . ' 6 weeks
. 16 weeks

MFI

1 1 1
< 5 years 5-15 years > 15 years

Age Group

B) PFGNO1_020006800 (MASSIV_MATAMAL)

3000 -
2000 -
- Arm
— 1]
E te ‘ Control

1000 - : }

" ‘ Intervention
4
A

< § years 5-16 years > 15 years

Age Group

Supplementary Figure 1.10: PfGNO1_ 020006800 raincloud plots of cleaned MFI data for all A)

FIGHTMAL samples and all B) MASSIV/MATAMAL samples. Scatter plots represent each individual
sample, boxplots represent mean plus standard deviation of the data and the cloud represents the
background shape of the data. Data is colour coded per A) Timepoint of sampling and B) Treatment
arm. Dashed line represents the seropositivity threshold calculated using mean negative MFI plus three

standard deviations. All samples above the dashed line are perceived seropositive to the antigen.
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A) PfGNO1_040031100 (FIGHTMAL)
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Supplementary Figure 1.11: PfGNO1_040031100 raincloud plots of cleaned MFI data for all A)

FIGHTMAL samples and all B) MASSIV/MATAMAL samples. Scatter plots represent each individual
sample, boxplots represent mean plus standard deviation of the data and the cloud represents the
background shape of the data. Data is colour coded per A) Timepoint of sampling and B) Treatment
arm. Dashed line represents the seropositivity threshold calculated using mean negative MFI plus three

standard deviations. All samples above the dashed line are perceived seropositive to the antigen.
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A) PfSNO1_000011500 (FIGHTMAL)
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Supplementary Figure 1.12: PfSNO1_ 000011500 raincloud plots of cleaned MFI data for all A)
FIGHTMAL samples and all B) MASSIV/MATAMAL samples. Scatter plots represent each individual
sample, boxplots represent mean plus standard deviation of the data and the cloud represents the
background shape of the data. Data is colour coded per A) Timepoint of sampling and B) Treatment
arm. Dashed line represents the seropositivity threshold calculated using mean negative MFI plus three

standard deviations. All samples above the dashed line are perceived seropositive to the antigen.
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A) PfSNO1_140006300 (FIGHTMAL)
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Supplementary Figure 1.13: PfSNO1_ 140006300 raincloud plots of cleaned MFI data for all A)

FIGHTMAL samples and all B) MASSIV/MATAMAL samples. Scatter plots represent each individual
sample, boxplots represent mean plus standard deviation of the data and the cloud represents the
background shape of the data. Data is colour coded per A) Timepoint of sampling and B) Treatment
arm. Dashed line represents the seropositivity threshold calculated using mean negative MFI plus three
standard deviations. All samples above the dashed line are perceived seropositive to the antigen.
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A) PfSNO1_030005600 (FIGHTMAL)
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Supplementary Figure 1.14: P/SNO1 030005600 raincloud plots of cleaned MFI data for all A)

FIGHTMAL samples and all B) MASSIV/MATAMAL samples. Scatter plots represent each individual
sample, boxplots represent mean plus standard deviation of the data and the cloud represents the
background shape of the data. Data is colour coded per A) Timepoint of sampling and B) Treatment
arm. Dashed line represents the seropositivity threshold calculated using mean negative MFI plus three

standard deviations. All samples above the dashed line are perceived seropositive to the antigen.
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A) PfKEO1_100005800 (FIGHTMAL)
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Supplementary Figure 1.15: P/KEO1 100005800 raincloud plots of cleaned MFI data for all A)

FIGHTMAL samples and all B) MASSIV/MATAMAL samples. Scatter plots represent each individual
sample, boxplots represent mean plus standard deviation of the data and the cloud represents the
background shape of the data. Data is colour coded per A) Timepoint of sampling and B) Treatment
arm. Dashed line represents the seropositivity threshold calculated using mean negative MFI plus three

standard deviations. All samples above the dashed line are perceived seropositive to the antigen.
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A) PfIT_130077600 (FIGHTMAL)
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Supplementary Figure 1.16: PAIT 130077600 raincloud plots of cleaned MFI data for all A)

FIGHTMAL samples and all B) MASSIV/MATAMAL samples. Scatter plots represent each individual
sample, boxplots represent mean plus standard deviation of the data and the cloud represents the
background shape of the data. Data is colour coded per A) Timepoint of sampling and B) Treatment
arm. Dashed line represents the seropositivity threshold calculated using mean negative MFI plus three

standard deviations. All samples above the dashed line are perceived seropositive to the antigen.
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A) PfHB3_040028900 (FIGHTMAL)
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Supplementary Figure 1.17: PHB3 040028900 raincloud plots of cleaned MFI data for all A)

FIGHTMAL samples and all B) MASSIV/MATAMAL samples. Scatter plots represent each individual
sample, boxplots represent mean plus standard deviation of the data and the cloud represents the
background shape of the data. Data is colour coded per A) Timepoint of sampling and B) Treatment
arm. Dashed line represents the seropositivity threshold calculated using mean negative MFI plus three

standard deviations. All samples above the dashed line are perceived seropositive to the antigen.
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A) Tetanus.toxoid (FIGHTMAL)
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Supplementary Figure 1.18: Tetanus.toxoid raincloud plots of cleaned MFI data for all A) FIGHTMAL

samples and all B) MASSIV/MATAMAL samples. Scatter plots represent each individual sample,
boxplots represent mean plus standard deviation of the data and the cloud represents the background
shape of the data. Data is colour coded per A) Timepoint of sampling and B) Treatment arm. Dashed
line represents the seropositivity threshold calculated using mean negative MFI plus three standard
deviations. All samples above the dashed line are perceived seropositive to the antigen.
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STEVOR V2 breadth of recognition (High Endemicity)
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Supplementary Figure 2: FIGHTMAL population prevalence of the breadth of antibody responses to

the STEVOR V2 recombinant antigens according to five categories (0, 1-3, 4-6, 7-9, and 10-11
recombinant antigens). Breadth of responses prevalence is stratified by age group (< 5 years, 5-15 years
and > 15 years) and sampling timepoint: Baseline (grey), 6 weeks post treatment (light purple) and 16

weeks post treatment (dark purple), indicated in the legend.
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STEVOR V2 breadth of recognition (Low Endemicity)
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Supplementary Figure 3: MASSIV/MATAMAL pool population prevalence of breadth of antibody

responses to the STEVOR V2 recombinant antigens according to five categories (0, 1-3, 4-6, 7-9, and
10-11 recombinant antigens). Breadth of responses prevalence is stratified by age group (< 5 years, 5-
15 years and > 15 years) and intervention arms: Control (grey) and Intervention (purple), indicated in

the legend.
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Low Endemicity (MASSIV vs MATAMAL)
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Supplementary Figure 4: Percentage seropositive MASSIV versus MATAMAL samples for the Control

(light green and light blue, respectively) and Intervention (green and blue, respectively) treatment arms,
stratified by age-group (< 5 years, 5-15 years and > 15 years). Recombinant antigens are shown on the
x-axis. STEVOR antigens with the SC suffix refer to semi-conserved antigen targets. STEVOR
antigens PfGNO1 130006600 — PfGAO1 070034600 were all based on the large hypervariable loop.
There was weak evidence for significant differences of seropositivity values between MASSIV and

MATAMAL with a p-value of 0.03 according to Man-Whitney non-parametric test.
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Supplementary Figure 5.1: PFAMA1 raincloud plots of cleaned MFI data for A) MASSIV samples and

B) MATAMAL samples. Scatter plots represent each individual sample, boxplots represent mean plus
standard deviation of the data and the cloud represents the background shape of the data. Data is colour
coded per treatment arm. Dashed line represents the seropositivity threshold calculated using mean
negative MFI plus three standard deviations. P-values represent the Man-Whitney non-parametric test
for statistical differences.
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Supplementary Figure 5.2: PMSP1.19 raincloud plots of cleaned MFI data for A) MASSIV samples

and B) MATAMAL samples. Scatter plots represent each individual sample, boxplots represent mean
plus standard deviation of the data and the cloud represents the background shape of the data. Data is
colour coded per treatment arm. Dashed line represents the seropositivity threshold calculated using
mean negative MFI plus three standard deviations. P-values represent the Man-Whitney non-parametric

test for statistical differences.
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Supplementary Figure 5.3: PfEtramp5.Agl raincloud plots of cleaned MFI data for A) MASSIV

samples and B) MATAMAL samples. Scatter plots represent each individual sample, boxplots represent
mean plus standard deviation of the data and the cloud represents the background shape of the data.
Data is colour coded per treatment arm. Dashed line represents the seropositivity threshold calculated
using mean negative MFI plus three standard deviations. P-values represent the Man-Whitney non-

parametric test for statistical differences.
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Supplementary Figure 5.4: PCSP raincloud plots of cleaned MFI data for A) MASSIV samples and B)

MATAMAL samples. Scatter plots represent each individual sample, boxplots represent mean plus
standard deviation of the data and the cloud represents the background shape of the data. Data is colour
coded per treatment arm. Dashed line represents the seropositivity threshold calculated using mean
negative MFI plus three standard deviations. P-values represent the Man-Whitney non-parametric test

for statistical differences.
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Supplementary Figure 5.5: PAHSP40.Agl raincloud plots of cleaned MFI data for A) MASSIV samples

and B) MATAMAL samples. Scatter plots represent each individual sample, boxplots represent mean
plus standard deviation of the data and the cloud represents the background shape of the data. Data is
colour coded per treatment arm. Dashed line represents the seropositivity threshold calculated using
mean negative MFI plus three standard deviations. P-values represent the Man-Whitney non-parametric

test for statistical differences.
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Supplementary Figure 5.6: PfRh5.1 raincloud plots of cleaned MFI data for A) MASSIV samples and

B) MATAMAL samples. Scatter plots represent each individual sample, boxplots represent mean plus
standard deviation of the data and the cloud represents the background shape of the data. Data is colour
coded per treatment arm. Dashed line represents the seropositivity threshold calculated using mean
negative MFI plus three standard deviations. P-values represent the Man-Whitney non-parametric test

for statistical differences.
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Supplementary Figure 5.7: STEVOR1_SC raincloud plots of cleaned MFI data for A) MASSIV samples

and B) MATAMAL samples. Scatter plots represent each individual sample, boxplots represent mean
plus standard deviation of the data and the cloud represents the background shape of the data. Data is
colour coded per treatment arm. Dashed line represents the seropositivity threshold calculated using
mean negative MFI plus three standard deviations. P-values represent the Man-Whitney non-parametric

test for statistical differences.
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Supplementary Figure 5.8: STEVORS_SC raincloud plots of cleaned MFI data for A) MASSIV samples

and B) MATAMAL samples. Scatter plots represent each individual sample, boxplots represent mean
plus standard deviation of the data and the cloud represents the background shape of the data. Data is
colour coded per treatment arm. Dashed line represents the seropositivity threshold calculated using
mean negative MFI plus three standard deviations. P-values represent the Man-Whitney non-parametric
test for statistical differences.
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Supplementary Figure 5.9: STEVOR6_SC raincloud plots of cleaned MFI data for A) MASSIV samples

and B) MATAMAL samples. Scatter plots represent each individual sample, boxplots represent mean
plus standard deviation of the data and the cloud represents the background shape of the data. Data is
colour coded per treatment arm. Dashed line represents the seropositivity threshold calculated using
mean negative MFI plus three standard deviations. P-values represent the Man-Whitney non-parametric

test for statistical differences.
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Supplementary Figure 5.10: PAGAO01 070034600 raincloud plots of cleaned MFI data for A) MASSIV

samples and B) MATAMAL samples. Scatter plots represent each individual sample, boxplots represent
mean plus standard deviation of the data and the cloud represents the background shape of the data.
Data is colour coded per treatment arm. Dashed line represents the seropositivity threshold calculated
using mean negative MFI plus three standard deviations. P-values represent the Man-Whitney non-
parametric test for statistical differences.
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Supplementary Figure 5.11: PAGNO1 130006600 raincloud plots of cleaned MFI data for A) MASSIV

samples and B) MATAMAL samples. Scatter plots represent each individual sample, boxplots represent
mean plus standard deviation of the data and the cloud represents the background shape of the data.
Data is colour coded per treatment arm. Dashed line represents the seropositivity threshold calculated
using mean negative MFI plus three standard deviations. P-values represent the Man-Whitney non-
parametric test for statistical differences.
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Supplementary Figure 5.12: PAGNO1 100006100 raincloud plots of cleaned MFI data for A) MASSIV

samples and B) MATAMAL samples. Scatter plots represent each individual sample, boxplots represent
mean plus standard deviation of the data and the cloud represents the background shape of the data.
Data is colour coded per treatment arm. Dashed line represents the seropositivity threshold calculated
using mean negative MFI plus three standard deviations. P-values represent the Man-Whitney non-
parametric test for statistical differences.
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Supplementary Figure 5.13: PAGNO1 020006800 raincloud plots of cleaned MFI data for A) MASSIV

samples and B) MATAMAL samples. Scatter plots represent each individual sample, boxplots represent
mean plus standard deviation of the data and the cloud represents the background shape of the data.
Data is colour coded per treatment arm. Dashed line represents the seropositivity threshold calculated
using mean negative MFI plus three standard deviations. P-values represent the Man-Whitney non-

parametric test for statistical differences.
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Supplementary Figure 5.14: PAGNO1 040031100 raincloud plots of cleaned MFI data for A) MASSIV

samples and B) MATAMAL samples. Scatter plots represent each individual sample, boxplots represent
mean plus standard deviation of the data and the cloud represents the background shape of the data.
Data is colour coded per treatment arm. Dashed line represents the seropositivity threshold calculated
using mean negative MFI plus three standard deviations. P-values represent the Man-Whitney non-

parametric test for statistical differences.
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Supplementary Figure 5.15: PfHB3 040028900 raincloud plots of cleaned MFI data for A) MASSIV

samples and B) MATAMAL samples. Scatter plots represent each individual sample, boxplots represent
mean plus standard deviation of the data and the cloud represents the background shape of the data.
Data is colour coded per treatment arm. Dashed line represents the seropositivity threshold calculated
using mean negative MFI plus three standard deviations. P-values represent the Man-Whitney non-

parametric test for statistical differences.
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Supplementary Figure 5.16: PAIT 130077600 raincloud plots of cleaned MFI data for A) MASSIV

samples and B) MATAMAL samples. Scatter plots represent each individual sample, boxplots represent
mean plus standard deviation of the data and the cloud represents the background shape of the data.
Data is colour coded per treatment arm. Dashed line represents the seropositivity threshold calculated
using mean negative MFI plus three standard deviations. P-values represent the Man-Whitney non-

parametric test for statistical differences.
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Supplementary Figure 5.17: PAKEO1 100005800 raincloud plots of cleaned MFI data for A) MASSIV

samples and B) MATAMAL samples. Scatter plots represent each individual sample, boxplots represent
mean plus standard deviation of the data and the cloud represents the background shape of the data.
Data is colour coded per treatment arm. Dashed line represents the seropositivity threshold calculated
using mean negative MFI plus three standard deviations. P-values represent the Man-Whitney non-
parametric test for statistical differences.
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Supplementary Figure 5.18: P/SNO1_ 000011500 raincloud plots of cleaned MFI data for A) MASSIV

samples and B) MATAMAL samples. Scatter plots represent each individual sample, boxplots represent
mean plus standard deviation of the data and the cloud represents the background shape of the data.
Data is colour coded per treatment arm. Dashed line represents the seropositivity threshold calculated
using mean negative MFI plus three standard deviations. P-values represent the Man-Whitney non-

parametric test for statistical differences.
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Supplementary Figure 5.19: PfSNO1 140006300 raincloud plots of cleaned MFI data for A) MASSIV

samples and B) MATAMAL samples. Scatter plots represent each individual sample, boxplots represent
mean plus standard deviation of the data and the cloud represents the background shape of the data.
Data is colour coded per treatment arm. Dashed line represents the seropositivity threshold calculated
using mean negative MFI plus three standard deviations. P-values represent the Man-Whitney non-

parametric test for statistical differences.
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Supplementary Figure 5.20: P/SNO1_030005600 raincloud plots of cleaned MFI data for A) MASSIV

samples and B) MATAMAL samples. Scatter plots represent each individual sample, boxplots represent
mean plus standard deviation of the data and the cloud represents the background shape of the data.
Data is colour coded per treatment arm. Dashed line represents the seropositivity threshold calculated
using mean negative MFI plus three standard deviations. P-values represent the Man-Whitney non-

parametric test for statistical differences.
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Supplementary Figure 5.21: Tetanus toxoid raincloud plots of cleaned MFI data for A) MASSIV

samples and B) MATAMAL samples. Scatter plots represent each individual sample, boxplots represent
mean plus standard deviation of the data and the cloud represents the background shape of the data.
Data is colour coded per treatment arm. Dashed line represents the seropositivity threshold calculated
using mean negative MFI plus three standard deviations. P-values represent the Man-Whitney non-

parametric test for statistical differences.
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Supplementary Table 1: Sample proportion seropositive to n number of STEVOR V2 recombinants.

STEVOR V2 (n) | FIGHTMAL, n (%) | MASSIV/MATAMAL, n (%) |
1 34(3.1) 12 (1.0)
2 25 (2.3) 18 (1.5)
3 14 (1.3) 12 (1.0)
4 18 (1.7) 20 (1.7)
5 22 (2.0) 17 (1.4)
6 18 (1.7) 40 (3.3)
7 54 (5.0) 49 (4.1)
8 206 (19.0) 560 (46.3)
9 136 (12.5) 145 (12.0)
10 161 (14.9) 98 (8.1)
11 396 (36.5) 236 (19.5)

Supplementary Table 2: Seropositivity threshold per antigen according to malaria naive

samples mean MFI plus three standard deviations.

Antigen Name Threshold (MFI)
PfAMA1 317
PfMSP1.19 400
Etramp5.Ag1 147
CSP 747
HSP10.Ag1 1420
Rh5.1 205
STEVOR1_SC 120
STEVOR5_SC 118
STEVOR6_SC 121
PfGN01_130006600 151
PfGN01_100006100 132
PfGN01_020006800 127
PfGN01_040031100 487
PfSN01_000011500 96
PfSNO1_140006300 129
PfSN01_030005600 133
PfKE01_100005800 398
PfIT_130077600 616
PfHB3_040028900 148
PfGA01_070034600 196
Tetanus.toxoid 25518
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Supplementary Table 3: Antigen specific percentage seropositivity of FIGHTMAL samples

stratified by age group and sampling time-point.

Baseline 6 weeks post 16 weeks post
Antigen Name <5 5-15 | >15 <5 5-15 | >15 <5 5- > 15
years years | years |years |years |years |years |15 years
years
PfAMAL 98.97 | 100.00 | 100.00 | 98.99 | 100.00 | 100.00 | 95.48 | 98.78 | NA
PfMSP1.19 98.97 | 100.00 | 100.00 | 98.99 | 97.59 | 100.00 | 90.95 | 89.02 | NA
Etramp5.Agl 96.92 | 98.83 | 98.50 | 93.47 | 9458 | 94.35| 84.42 | 84.15 | NA
CSP 83.08 | 97.66 | 100.00 | 76.88 | 96.39 | 100.00 | 55.78 | 86.59 | NA
HSP10.Agl 7436 | 70.18 | 79.70 | 61.81 | 43.98 | 71.77 | 41.21| 37.80 | NA
Rh5.1 97.44 | 98.83 | 100.00 | 92.46 | 93.37 | 100.00 | 88.44 | 89.02 | NA
STEVOR1_SC 90.77 | 95.32 | 96.24 | 8492 | 87.35| 86.29 | 82.41 | 89.02 | NA
STEVOR5_SC 84.10 | 93.57 | 96.99 | 75.38 | 83.73 | 84.68 | 78.39 | 87.80 | NA
STEVORG6_SC 83.08 | 9298 | 9549 | 73.37| 8554 | 77.42| 79.90 | 91.46 | NA
PfGNO1_130006600 76.41 | 87.13 | 91.73 | 66.83 | 7229 | 75.81 | 72.86 | 78.05 | NA
PfGNO1_100006100 77.44 | 88.30 | 92.48 | 67.84 | 72.89 | 75.00| 76.38 | 81.71 | NA
PfGNO1_020006800 73.85| 83.63| 9248 | 61.81 | 6747 | 7177 | 64.82 | 71.95 | NA
PfGN01_040031100 50.77 | 5439 | 46.62 | 40.70 | 34.94 | 37.90 | 68.84 | 68.29 | NA
PfSNO1_000011500 72.31 | 83.63| 93.98 | 60.80 | 67.47 | 76.61 | 65.83 | 73.17 | NA
PfSNO1_140006300 7795 | 87.72| 9248 | 67.84 | 7410 | 79.03 | 71.86 | 79.27 | NA
PfSNO1_030005600 80.51 | 89.47 | 9398 | 68.84| 7530 | 79.84 | 74.37 | 82.93 | NA
PfKE01_100005800 55.90 | 62.57 | 62.41 | 47.74 | 4578 | 49.19 | 72.86 | 78.05 | NA
PfIT_130077600 3179 | 3567 | 36.84| 2261 | 19.88 | 27.42 | 54.77 | 52.44 | NA
PfHB3_040028900 80.00 | 89.47 | 93.23 | 69.35| 7590 | 76.61 | 84.92 | 89.02 | NA
PfGAO01_070034600 73.33 | 88.89 | 83.46 | 67.34 | 68.67 | 66.94 | 83.92 | 90.24 | NA
Tetanus.toxoid 1.03 0.00 | 13.53| 0.50 0.00 | 1290 | 1.01| 1.22 | NA
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Supplementary Table 4: Antigen specific percentage seropositivity of MASSIV/MATAMAL

samples stratified by age group and intervention arms.

Control Intervention
Antigen Name <5 5-15 > 15 <5years 5-15 >15
years years years years years

PfAMAL 47.06 78.95 97.86 54.17 68.52 96.84
PfMSP1.19 66.18 90.98 95.72 75.00 94.44 96.84
Etramp5.Agl 95.59 100.00 100.00 100.00 100.00 100.00
CSP 29.41 43.61 90.91 20.83 59.26 88.42
HSP10.Agl 23.53 40.60 51.87 25.00 29.63 49.47
Rh5.1 100.00 100.00 99.47 100.00 100.00 100.00
STEVOR1 SC 69.12 79.70 95.19 87.50 83.33 91.58
STEVOR5_SC 76.47 81.20 93.58 91.67 88.89 92.63
STEVOR6_SC 77.94 83.46 93.58 91.67 94.44 93.68
PfGNO1_130006600 77.94 73.68 90.91 91.67 79.63 88.42
PfGNO1_100006100 75.00 79.70 92.51 91.67 88.89 91.58
PfGNO1_020006800 67.65 70.68 90.37 87.50 77.78 88.42
PfGNO1_040031100 4412 28.57 30.48 41.67 44.44 38.95
PfSN0O1_000011500 70.59 81.95 94.12 91.67 87.04 92.63
PfSN0O1_140006300 79.41 80.45 93.05 91.67 83.33 91.58
PfSNO1 030005600 79.41 81.95 92.51 91.67 85.19 92.63
PfKEO1 100005800 50.00 45.11 48.66 62.50 55.56 55.79
PfIT_ 130077600 26.47 8.27 20.86 16.67 14.81 24.21
PfHB3 040028900 67.65 71.43 89.30 83.33 79.63 87.37
PfGAO01 070034600 73.53 72.93 89.84 91.67 79.63 86.32
Tetanus.toxoid 1.47 0.75 1.60 0.00 0.00 0.00
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Chapter 8: Discussion, Future Work and Limitations

8.1 Discussion

8.1.1 Importance of STEVORSs as a multi-gene family

According to the findings of this thesis, most STEVOR variants are recognised rapidly, even
after an initial infection. This immune recognition is not influenced by malaria exposure
intensity or age, as high seroprevalence is observed even in children under five years of age.

This raises the question: what is the significance of STEVOR being a multi-gene family?

Several hypotheses may provide answers to this question. Firstly, STEVORs likely have
functional roles at various stages of the parasite’s life cycle, such as mediating adhesion or red
blood cell invasion. Previous studies have demonstrated that the STEVOR repertoire expressed
on the apical ends of merozoites differs from that found on infected erythrocytes (1). Moreover,
STEVORs are expressed in distinctive cascades, suggesting that different variants serve
specific roles at various stages of the parasite’s life cycle (2). This diversity equips the parasite

with a versatile toolkit, enabling it to adapt to changing host environments and niches.

Secondly, this diversity may facilitate the parasite’s ability to bind to different host cells. It is
well-established that PAEMP1 and RIFIN proteins bind to various receptors on human
endothelial and immune cells, contributing to clinical outcomes such as cerebral malaria and
severe malaria (3), (4), (5), (6). For STEVORs, glycophorin C has been identified as a receptor,
but the possibility of additional receptors remains (7), (8). The ability to express different
STEVOR variants might allow the parasite to adapt to bind alternative receptors during an

infection, enhancing its survival and persistence.

Additionally, expressing a large repertoire of variants from the same protein family with similar

functions could serve as a redundant survival mechanism. This redundancy might safeguard
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the parasite against the host’s immune system successfully targeting a single protein.
Furthermore, STEVOR proteins may act as immunological decoys, diverting the host’s

immune responses away from critical targets like PFEMP1 (9).

Finally, the broad recognition of STEVORs by the immune system may reflect ongoing low-
level infections, resulting in chronic persistence that facilitates transmission. This persistence
could help the parasite survive under varying conditions of immune pressure. For instance,
STEVORSs may contribute to maintaining a reservoir of asymptomatic carriers, particularly in

low-endemicity settings, as observed in the MASSIV and MATAMAL samples.

8.1.2 STEVOR protein topology

The serological results presented in this thesis provide evidence that the semi-conserved region
of STEVOR proteins is exposed to the immune system. Serorecognition rates for semi-
conserved recombinant proteins were high, exceeding those for the hypervariable domain,
which was previously hypothesised to be the only portion of the protein exposed to
extracellular circulation and thus accessible to the immune system (10). These findings
challenge the proposed two-transmembrane topology of STEVOR proteins, which would
typically restrict external exposure to the loop regions flanked by the transmembrane domains
(10). The observed external exposure of the semi-conserved region suggests that it may play a

structural or adhesive role, indicating a functional necessity for its placement outside the cell.

Additionally, this study demonstrates that the semi-conserved region is itself quite variable,
apart from two small, conserved segments. This variability aligns it more closely with the
hypervariable domain in terms of suspected functional roles. Experimental evidence from
studies on the RIFIN protein family, which shares significant similarities with STEVOR
proteins in topology, localization, and function, supports the possibility of a single-

transmembrane topology (11), (12) . In RIFINs, a one-transmembrane topology exposes the
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semi-conserved region, variable domain, and a hydrophobic segment to the extracellular
environment (12). Given the evolutionary relationship between STEVOR and RIFIN proteins,

it is highly plausible that STEVOR proteins also possess a one-transmembrane topology (11).

While computational tools such as TMHMM used in this study suggest the presence of one
signal motif and two transmembrane domains, this prediction requires experimental validation.
Protease protection assays could be employed to determine which parts of the STEVOR protein
are intracellular and extracellular. Additionally, cryo-electron microscopy or X-ray
crystallography could be used to resolve the precise 3D structure and membrane topology of
STEVOR proteins. Testing antibodies specific to both the hypervariable and semi-conserved
regions on intact versus permeabilized cells would further confirm the external exposure of

these regions.

8.1.3 STEVOR function

If the semi-conserved regions of STEVOR proteins are consistently exposed to the immune
system, it suggests that immune evasion might not be their primary role. Instead, these regions
could play critical functional roles, such as binding host receptors or facilitating interactions
necessary for parasite survival and adaptation (10). STEVOR proteins might contribute to
maintaining chronic infections by enabling low-level parasitaemia to persist, ensuring the
parasite's long-term survival within the host. They may also support parasite dissemination by
promoting survival in distinct host tissues or enhancing interactions with specific receptors,

such as glycophorin C.

Despite the presence of the PfEMP1 and RIFIN families, which are also involved in
cytoadherence and immune evasion, STEVOR proteins likely provide functional redundancy,
ensuring parasite survival under diverse immune or environmental pressures. They may act as
specialized mediators in scenarios where PFEMP1 or RIFIN proteins are less effective, adapting
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to specific host cell types or immune challenges. Alternatively, their diversification could
represent an evolutionary advantage, equipping the parasite with a broader toolkit to navigate
host heterogeneity. These hypotheses must be tested experimentally to unravel the importance

of STEVORs and their role in parasite biology.

8.1.4 STEVOR as transmission marker

STEVOR proteins may have some potential as markers for tracking transmission through time,
but there are significant limitations to their utility for this purpose according to the results from
this study. The high and broad recognition of STEVORSs, regardless of endemicity and
exposure, suggests that they do not strongly differentiate between recent and past infections.
This reduces their utility for pinpointing changes in transmission intensity over time.
Furthermore, the potential cross-reactivity of antibodies to semi-conserved and hypervariable
regions complicates the interpretation of serological data. Antibodies may reflect cross-reactive

responses rather than specific exposures to distinct parasite variants.

Additionally, the study suggests that even a single exposure can induce broad responses to
STEVORs. This rapid and extensive seroconversion makes it difficult to correlate antibody
breadth to intensity of transmission over time. The lack of significant differences in STEVOR
antibody levels between high- and low-endemicity settings undermines their value as markers
for changing transmission intensity. If STEVOR responses reflect persistent low-level
parasitaemia or immune decoy functions, they may not correlate well with actual

transmission rates or reductions resulting from interventions.
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8.2 Future work

One of the suggested reasons for the high breadth of responses to the STEVOR hypervariable
domain library found, irrespective of the setting’s P. falciparum endemicity level and levels of
infection exposure, was that there was high degree of cross-reactivity of antibodies to
individual library members. Performing antibody avidity testing, which is the functional
antibody affinity, measured as the strength of interaction between antibodies and antigens, is
proposed to be used as next steps to reveal if the high breadth of responses were due to true
exposure to the members of the library, or due to antibodies cross-reactivity. Avidity testing can
be performed with the use of dissociating agents, such as ammonium thiocyanate and guanidine
hydrochloride (13). Antibody avidity testing can help differentiate true exposure from cross-
reactivity by measuring the strength of antibody-antigen interactions; high avidity suggests
specific and repeated exposure to individual STEVOR variants, while low avidity indicates

potential cross-reactivity due to shared or conserved epitopes among the variants.

P. falciparum expresses STEVOR proteins at all parasitic stages, including but not limited to,
gametocytes, trophozoites and merozoites (2),(14). Following the avidity testing, we could
further identify highly cross-reactive antibodies for the design of monoclonal antibodies
(mAbs) for the neutralisation of STEVOR variants expressed on the apical end of merozoites,

shown that can inhibit merozoite infection of the red blood cells (1),(15).

Future research should focus on understanding the biological role of STEVOR proteins rather
than solely pursuing serological profiling. A key area of exploration would be to determine
whether STEVORs contribute directly to cytoadherence or rosetting, independently of PAEMP1
and RIFINs, thereby elucidating the importance of this multi-gene family alongside the other
two. Proposed experiments include generating P. falciparum lines with STEVOR gene

deletions to assess their impact on cytoadherence and rosetting in vitro, using recombinant
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STEVOR proteins in adhesion assays to identify host receptors such as glycophorin C or other
erythrocyte membrane proteins, and testing whether anti-STEVOR antibodies inhibit parasite

adhesion to host cells, which would indicate a functional role in cytoadherence.

Additionally, clarifying the topology of STEVOR proteins is crucial for understanding their
interactions with host receptors. Techniques such as protease protection assays, cryo-electron
microscopy, or X-ray crystallography could provide structural insights. Further investigations
should explore the potential role of STEVORs in immune modulation or as immunological
decoys, using immune activation assays with peripheral blood mononuclear cells to assess
cytokine production, T-cell activation, or immune suppression, as well as testing phagocytosis
efficiency in the presence or absence of STEVORs. Finally, identifying additional host
receptors beyond glycophorin C could involve mass spectrometry to pinpoint specific host
proteins that bind STEVORs, thereby expanding our understanding of their functional

relevance.
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8.3 Limitations

The selected STEVOR variants for creation of the hypervariable domain recombinant antigen
library was based on the in-silico analysis using available data from PlasmoDB database.
However, from the analysis it can be seen that each geographical isolate has its own STEVOR
repertoire with some degree of variability. Therefore, selecting the variants for the library does
not truly reflect the expressed STEVORSs in parasites in the tested populations: Uganda, The
Gambia and Bijagos Archipelago, but instead represents a geographically diverse array of
sequence variants based on the in-silico interrogation of the STEVOR database protein
sequences (n=493). An RNA seq approach could have been applied to samples from the tested
populations to identify the exact variants expressed, and based on this data the creation of the
library would have been more accurate. Although, this approach is not feasible to be applied
for each studied population in terms of time and resources, as we know from literature that
there is no apparent group of STEVORSs expressed in high versus low endemic areas (16).
Moreover, RNA seq does not provide information about STEVOR variants contribution to the
infection immunity which was the focus of the study. Finally, the selection of the eleven
variants for the library was justified due to time constrains around the expression and

purification of the recombinant proteins whilst having field work commitments.

One of the main limitations of the study, also outlined as a limitation in the individual research
papers, was the missing samples from the study populations. Unfortunately, this limitation
could not be overcome since the study used residual samples from previous studies. A
mitigation for this limitation would have been to design a specific cohort to address the question

of this study, which was not feasible in terms of finances and time for completion of the thesis.

This study focuses on characterising STEVOR and RIFIN proteins and their involvement in
infection immunity. To understand the nature of STEVORs and RIFINs as immunogens and

their potential to stimulate a memory response, we could have measured the half-life of
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antibody waning overtime, thus assessing the antigen (STEVOR/RIFIN) kinetics, which was
originally proposed as a component of Chapter 3 (Research Paper 1). This analysis was initially
conducted on selected samples from individuals of all ages, samples taken three months before
detected infection, and then followed for nine months after confirmed and treated P. falciparum
infection. These samples came from the PRISM longitudinal cohort from Uganda, outlined in
Chapter 3 (17). Preliminary analysis figures can be found in the Appendices of this thesis and
were not included in the main body as the results did not provide any insight into the kinetics
of STEVOR and RIFIN recombinant antigens. This was also observed for the reference
recombinants, the established markers of seroincidence (preliminary analysis also found in the
Appendices). This data highlights the complexity and the individual uniqueness of the human
immune system as one of the main challenges in human immunology research. To mitigate this
limitation, the kinetics analysis could be conducted on samples from a controlled human
malaria infection (CHMI) study on malaria naive individuals. However, conducting an CHMI
study is very time-consuming and costly. Additionally, results on antibody reactivity to variant
surface antigens from CHMI using malaria naive individuals show contradicting results when
compared to CHMI studies conducted on individuals from African malaria-endemic settings
(18),(19). Hence, conclusions made may not accurately reflect the immune response dynamics

in people living in malaria endemic settings.
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Appendices

Dot Blot Analysis

Aim: To compare dual His-Myc tag and single GST tag recombinant proteins in terms of

background reactivity to negative serum samples.

Results:

A)

D E.coli lysate

Figure 1: Dot blot of STEVOR and RIFIN recombinants blotted using A) PRISM1 control in 1/1000
dilution and B) PHE negative control in 1/1000 dilution. The secondary anti-human antibody was used
in 1/10,000 dilution followed by TMB substrate for developing the images. The recombinants were
dotted in the following order (STEVOR1 SC, STEVOR1 V2, STEVOR6 SC, STEVOR6 V2,
STEVORS_SC, RIFIN3_SC, RIFIN3_V2) for both His-Myc dual tag in red and GST single tag in blue.

E. coli lysate in green is used as a positive control of the dot blot.

Discussion:

Recombinant proteins expressed with a single GST tag plasmid construct showed higher
reactivity to negative serum samples compared to equivalent recombinants with dual His-Myc
tags. Although this background reactivity is evident, it does not impact the seropositivity results

presented in Research Paper 1 (Chapter 3) and Research Paper 3 (Chapter 7). The seropositivity
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threshold per recombinant was determined by calculating the detected mean MFI plus three

standard deviations from Luminex readings of negative samples, a method that accounts for

the background reactivity associated with GST.Kinetics Analysis

Aim: To investigate STEVOR/RIFIN recombinant antigens kinetics using lorgnitudinal

serum samples from Uganda.

Results:
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Figure 2: Kinetics analysis of long-term markers of P. falciparum seroincidence measured against
individuals with no detected infection, followed by confirmed and treated infection, follwed by three
timepoints of sampling with no detected infection. Sampling was performed three months apart and
samples were from the PRISM lognitudinal cohort. Thick lines tracks the kinetics of antibodies overtime

and thin lines indicate the seropositivity threshold of each target.
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Figure 3: Kinetics analysis of short-term markers of P. falciparum seroincidence measured against
individuals with no detected infection, followed by confirmed and treated infection, follwed by three
timepoints of sampling with no detected infection. Sampling was performed three months apart and
samples were from the PRISM lognitudinal cohort. Thick lines tracks the kinetics of antibodies overtime

and thin lines indicate the seropositivity threshold of each target.
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Figure 4: Kinetics analysis of hypervariable domain STEVOR recombinants measured against
individuals with no detected infection, followed by confirmed and treated infection, follwed by three
timepoints of sampling with no detected infection. Sampling was performed three months apart and
samples were from the PRISM lognitudinal cohort. Thick lines tracks the kinetics of antibodies overtime

and thin lines indicate the seropositivity threshold of each target.
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Figure 5: Kinetics analysis of semi-conserved domain STEVOR recombinants measured against
individuals with no detected infection, followed by confirmed and treated infection, follwed by three
timepoints of sampling with no detected infection. Sampling was performed three months apart and
samples were from the PRISM lognitudinal cohort. Thick lines tracks the kinetics of antibodies overtime

and thin lines indicate the seropositivity threshold of each target.

Discussion:

The samples used in this analysis differ from those in Research Paper 1. These samples are
from individuals initially diagnosed as malaria-negative by LAMP and/or microscopy, then
testing positive for malaria three months later, followed by three time points of three months
where they tested negative. Importantly, the recruitment timing relative to intervention phases

is unknown, so this sample group is distinct from that in Research Paper 1.

For each Luminex assay, seropositivity thresholds were determined by readouts from negative
samples on the same assay plates, as Luminex fluorescence technology is highly sensitive.
Readouts can vary for the same samples tested against the same antigens due to factors like
antigen or reagent batches, room temperature, and operator differences. Therefore, the
threshold plotted on the kinetics plots in Supplementary Figures 2 to 5 differs from those
calculated in Research Paper 1 (Chapter 3) and Research Paper 3 (Chapter 7). Additionally, the
STEVOR recombinants used in Research Paper 3 are different from those used in the kinetics

analysis, making direct comparisons unfeasible.

This analysis aimed to investigate protein kinetics, regardless of negative sample readouts, to
estimate antibody decay half-life following infection, without reinfection. However, the sample
data were insufficient for this analysis. A key limitation is the unknown malaria status of
participants before entering the longitudinal study, which impacts antibody dynamics against
different antigens over time. Analyzing data at the individual level may yield a subset of

individuals suitable for modeling antibody half-life decay over time.
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In-silico model for protein sequence digitalization and variability
visualization using Principal Component Analysis on R 4.3 computational

language

# Load necessary libraries
install.packages("seqinr")

library(seqinr)

# Read the CSV file containing sequence alignment data
dat3d7 <- read.csv("Additional file 1 STEVOR Variable domain allignmnet.csv", header = TRUE)

write.table(dat3d7, "STEVOR V2 alligned new.txt", sep = "\t", row.names = FALSE)

##### R scripts for calculations
# Reading the aligned sequence data
# The data should be formatted in tab-separated text with two columns:

# (name of sequence) \t (aligned sequence)

sites <- read.table(file = "STEVOR_V2_alligned new.txt", header = TRUE, sep = "\t")

sites <- as.matrix(sites)

dim(sites)
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# Finding the size of data
n_sample <- dim(sites)[1]

n_seq <- nchar(sites[2, 2])

# Translation of the sequence to boolean vectors

bool <- array(0, dim = c(n_sample, 21 * n_seq))

# Set column and row names for boolean matrix

colnames(bool) <- c(paste("a_", 1:n_seq, sep =""), paste("r_", 1:n_seq, sep =""),
paste("n_", 1:n_seq, sep =""), paste("d_", 1:n_seq, sep =""),
paste("c_", 1:n_seq, sep =""), paste("q_", 1:n_seq, sep=""),
paste("e ", 1:n_seq, sep =""), paste("g_", 1:n_seq, sep =""),
paste("i_", 1:n_seq, sep =""), paste("l_", 1:n_seq, sep =""),
paste("k ", 1:n_seq, sep =""), paste("m_", 1:n_seq, sep =""),
paste("f ", 1:n_seq, sep =""), paste("p_", 1:n_seq, sep=""),
paste("s ", 1:n_seq, sep =""), paste("t ", I:'n_seq, sep=""),
paste("y ", I:'n_seq, sep =""), paste("v_", 1:n_seq, sep=""),
paste("h_", 1:n_seq, sep =""), paste("w_", 1:n_seq, sep=""),
paste("-_", I:n_seq, sep =""))

rownames(bool) <- sites[, 1]
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# Fill the boolean matrix based on sequence characters

for (s in 1:n_sample) {

se <- tolower(sites[s, 2])

for (Ie in 1:n_seq) {

base <- substr(se, le, le)

bOOl[S, le + (matCh(base, C(”a", ”r”’ "n"’ "d"’ "C”, "q”’ "e"’ "gH, "i”, "1", ”k", "m"’ HFV, "pH’ "S”, "t", n "’

"v","h","w!, ) - 1) * n_seq] <- 1

apply(bool, 1, sum)

HiHHHEHEHHH PCA

# Centering the data

center <- apply(bool, 2, mean)

diffs <- sweep(bool, 2, center)

diffs <- diffs / sqrt(2) # Compensating for doubled counts in Euclidean distance metrics

# Checking distribution of the distances

dist <- sqrt(apply(diffs*2, 1, sum))
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qqnorm(dist)

hist(dist)

### PCA core

res_svd <- svd(diffs)

Left <- res_svd$u # Left singular vector

Right <- res_svd$v # Right singular vector

sqL <- diag(res_svd$d) # Diagonal matrix of the singular values

### Calculation of principal components

sPC_nuc <- Right %*% sqL / sqrt(n_sample)

sPC_sample <- Left %*% sqL / sqrt(n_seq)

rownames(sPC_nuc) <- colnames(bool)

rownames(sPC_sample) <- rownames(bool)

#### Output to text files

write.table(sPC_sample, file = "sPC_sample STEVOR V2 new.txt", sep = "\t")

write.table(sPC nuc, file ="sPC_AAs STEVOR V2 new.txt", sep = "\t")

write.csv(sPC_sample, file = "sPC_sample STEVOR V2 new.csv", row.names = TRUE)
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write.csv(sPC nuc, file="sPC_AAs STEVOR V2 new.csv", row.names = TRUE)

# Convert PCA results to a data frame for plotting

PCA <- as.data.frame(sPC_sample)

# Define colors for groups

colors <- ¢(rgb(10, 100, 255, maxColorValue = 255), rgb(140, 255, 100, maxColorValue = 255),

rgb(255, 50, 10, maxColorValue = 255), rgb(100, 100, 100, maxColorValue = 255))

#### Output to PNG images

# Plotting the PCA results

png(width = 2100, height = 2300, pointsize = 60, file ="sPC _stevor V2 new.png")

par(Iwd = 4, mex = 0.6, mai = ¢(4, 4, 3, 0.2))

plot(PCAS$V1, PCASV2, col = colors, pch = 16, main = "STEVOR (V2)", xlab="PC1", ylab ="PC2",

axes = TRUE, cex = 1.2, cex.lab = 1.6, cex.main = 2)

legend("topright", legend = levels(grouped$colors), col = colors, pch = 16, bty ='n’, cex = 0.8)

dev.off()
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