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Abstract 20 

 Comprehensive approaches to determine the most appropriate antigen variants to 21 

provide broad protection from malaria are challenging and consequently rarely undertaken. Here 22 

we prioritized 27 variants of the novel vaccine candidate PF3D7_1136200 from 1,333 African 23 

isolates. We designed a custom protein microarray and systematically profiled IgG and IgM 24 

mailto:karaniare@icermali.org
mailto:fosier@kemri-wellcome.org
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antibodies against these proteins in cohort studies in Burkina Faso, Mali and Kenya. We found 25 

only four pairwise amino acid differences between variants, but the proportion seropositive 26 

varied widely between 20 and 80%. Hierarchical clustering of the correlation coefficients 27 

between all pairs of antigens revealed just three serogroups. An antibody dissimilarity analysis 28 

between samples identified six response profiles that largely reflected geographical origin. 29 

Combinations of IgG and IgM against two variants from distinct serogroups predicted up to 100% 30 

protection against clinical malaria, but the effect varied by geographical location and age. Our 31 

novel systematic strategy exploits contemporary sequence data to deduce the handful of antigen 32 

variants that have the strongest potential to induce broad protective immunity. This analytical 33 

approach is applicable to a wide variety of infectious diseases and can provide a strong evidence 34 

base for the design of next-generation vaccines.   35 

   36 

Keywords. Plasmodium falciparum Malaria, PF3D7_1136200, genetic diversity, IgG antibodies, 37 

IgM antibodies, protein microarray, vaccines, immunity. 38 
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Introduction 44 

 Malaria remains a major public health concern with significant morbidity and mortality 45 

1,2. Current control tools target vectors, prevent infection, expedite diagnosis and optimize case 46 

management.  In spite of this, there were still 228 million cases and 405 000 deaths due to malaria 47 

worldwide in 2018 2. The highest disease burden is caused by the most deadly species, 48 

Plasmodium falciparum, and occurs primarily in low-income countries in sub-Saharan Africa 2. 49 

Although there has been substantial progress  in reducing the burden of malaria, these gains are 50 

threatened by the spread of resistance to drugs and insecticides in humans and mosquitoes, 51 

respectively 2–6.  Additional tools are urgently needed to eliminate malaria and highly effective 52 

vaccines could be transformative 7.   53 

 The majority of the genes that encode potential malaria vaccine candidates are 54 

polymorphic and induce protection against some but not all parasite strains 8–11.  Nevertheless, 55 

the impact of antigen diversity on immunity is rarely investigated systematically.  Detailed 56 

analyses of the large number of antigen variants that may be encoded at a single P. falciparum 57 

locus are challenging. High-throughput protein microarrays can be designed to analyze strain-58 

specific antibodies 12,13, but have mainly been utilized to downselect individual antigens that are 59 

associated with protection 14–18. Robust approaches to tackle antigen diversity are imperative for 60 

the next generation of malaria vaccines.   61 

 Technological advances have fast-tracked the discovery of novel targets of protective 62 

immunity and can be harnessed to address the challenges posed by antigen diversity 14,19–24. We 63 

provide a contemporary pipeline using the recently proposed vaccine candidate, 64 
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PF3D7_1136200. The protein is conserved across Plasmodium species and thought to have a 65 

predicted signal peptide as well as a glycosylphosphatidylinositol (GPI) modification site 25.  66 

Transcriptomic studies indicate that it is highly expressed late in the erythrocytic cycle, but its 67 

function remains uncharacterized 26,27.  Of thirty-six antigens analyzed in a prospective cohort 68 

study in Kenya, antibodies against PF3D7_1136200 were the most strongly associated with 69 

protection 24. 70 

 We began by analyzing the diversity of Pf3D7_1136200 in isolates from across West and 71 

Central Africa. We identified all common variants (n = 30) and successfully expressed 27 of these 72 

as full-length recombinant proteins for analysis using a custom protein microarray.  We used 73 

samples from prospective cohort studies in three African countries to investigate the impact of 74 

antigenic diversity on protective antibodies.  Although malaria immuno-epidemiology is 75 

dominated by responses of the IgG isotype,  IgM are routinely detected in individuals with a long 76 

history of exposure to malaria and may consequently contribute to protection 28–31.  We therefore 77 

characterized both IgG and IgM antibodies against variants of PF3D7_1136200.  This analysis 78 

allows us to draw specific conclusions about combinations of PF3D7_1136200 that are most likely 79 

to induce protection, and to establish a comprehensive approach to antigen prioritization that 80 

factors in sequence diversity at the earliest stages.  81 

Results 82 

Recombinant PF3D7_1136200 variants are immunogenic and contain heat-stable epitopes   83 
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 To quantify the variation in antibody responses against PF3D7_1136200, we leveraged 84 

the MalariaGEN Pf3k dataset (https://www.malariagen.net/projects/pf3k) and identified 30 85 

common protein variants from sub-Saharan Africa for inclusion in our custom microarray (K.N, 86 

F.H.A.O al., manuscript in preparation). These proteins corresponded to all the variants of 87 

PF3D7_1136200 that were found in at least 2 out of 1,333 parasite samples from The Democratic 88 

Republic of Congo, The Gambia, Ghana, Guinea, Malawi, Mali and Senegal. Following removal of 89 

the predicted signal peptides and GPI modification sites, 27 protein variants were successfully 90 

expressed (Table 1). We observed 18 polymorphic sites in total and the pairwise amino acid 91 

differences between protein variants ranged between 1 and 4. Ten of 18 polymorphic sites were 92 

located within the N-terminal region. We categorized the sequences into 2 equally common 93 

haplotype families named G204 and C204, based on either lysine or asparagine at position 68 94 

(Table 1; G/C 204 refers to the single nucleotide polymorphism that creates the amino acid 95 

change at position 68). All 27 variants were expressed as C-terminal octahistidine-tagged proteins 96 

in Expi293F cells as previously described 23 (Fig. 1A). Following purification in native conditions, 97 

each protein variant was partially processed into 2 or 3 fragments as previously reported 23. All 98 

variants were detectable in western blots using a horseradish peroxidase (HRP)-conjugated anti-99 

polyhistidine antibody and indicated that the C-terminus was intact. The full-length proteins were 100 

~75 kDa in size. We tested the immunogenicity of the expressed proteins using enzyme-linked 101 

immunosorbent assay (ELISA) before printing onto microarrays. Native recombinant proteins 102 

reacted with pooled hyperimmune immune sera (PHIS) from malaria-exposed individuals in 103 

Kenya but not with serum from malaria-naive Europeans (illustrative example in Fig. 1B). The 104 

https://www.malariagen.net/projects/pf3k
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proteins were still recognized by PHIS after heating at 70o C for an hour, suggesting that the 105 

reactive epitopes are predominantly heat-stable and are therefore likely linear (Fig. 1C). 106 

 107 

Table. 1| List of PF3D7_1136200 variants printed onto protein microarray. 108 

Variant name 

 

Amino acid 

position 

Reference amino 

acid 

Mutated amino 

acid 

Haplotype 

family 

Frequency (%) 

 

V1 68 N K G204 38.9 

V2 (3D7)* N/A N/A N/A C204 40.3 

V3 60,68 V,N A,K G204 2.4 

V4 60 V A C204 0.5 

V5 75 F I C204 0.7 

V6 68,191 N,I K,K G204 0.3 

V7 68,575 N,F K,I G204 0.5 

V8 63,68 T,N M,K G204 2.6 

V9 61,68 P,N S,K G204 0.2 

V10 67,68 N,N K,K G204 0.3 

V11 61,68 P,N L,K G204 0.9 

V12 648 T I C204 0.2 

V13 68,116 N,R K,K G204 0.5 

V14 339 I T C204 0.2 

V15 63 T M C204 0.2 

V16 68,339 N,I K,T G204 0.2 

V17 631 N H C204 0.2 

V18 116 P S C204 0.2 

V19 191 I K C204 0.5 

V20 68,510 N,Q K,P G204 0.2 

V22 61 P L,K C204 0.2 

V23 58,68 D,N H,K G204 0.2 

V24 526 A G C204 0.2 

V25 486 N K C204 0.2 

V26 63,68 T,N A,K G204 0.2 

V27 33 D Y C204 0.2 

V28 60,68,131 V,N,I A,K,T G204 0.2 
*Reference sequence, same as  the 3D7 version. Variants 21, 29, and 30 were excluded as they had 109 

mutations within the GPI modification site which was removed prior to protein expression. N/A: not 110 

application. 111 
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 112 

 113 

 114 

 115 

Fig. 1| Quality of the recombinant proteins. (A) Western blot of an illustrative variant of 116 

PF3D7_1136200, V3. Experiments were performed with 10 µl of purified protein. Proteins were 117 

fragmented after expression. The size of the full-length protein was ~ 75 kDa (indicated by an 118 

arrow) (B) ELISA standard curve. MIG: purified malaria immunoglobulins. Naive: malaria-naive 119 

serum.  (C) ELISA of the native and denatured forms of V3. PHIS: pooled malaria hyperimmune 120 

sera. Proteins were heat-denatured at 70oC for 1 hour and coated at 1 µg/ml.  121 

 122 

Limited amino acid differences mask extensive IgG and IgM serological diversity  123 

 We measured antibodies in archived plasmas from prospective cohort studies in Burkina 124 

Faso, Kenya and Mali (n= 716). Data from 675 children (94.3%) met the protein microarray quality 125 

control criteria (Supplementary methods and Figures). We detected IgG and IgM antibodies 126 



8 

 

against all 27 variants. Although only a maximum of four pairwise amino acid differences were 127 

detected between protein variants (Table 1), their impact on antibody diversity was profound.  128 

The proportion seropositive per variant ranged between 20 and 80% for both IgG and IgM (Fig. 129 

2).  The correlation between isotype antibodies was strong (R = 0.52 – 0.84, P < 0.001; Extended 130 

data Fig. 1) but the levels of IgM were higher (P < 0.001, Wilcoxon test). 131 

 132 

Fig. 2| Extensive serological diversity despite limited amino acid differences between variants. 133 

V1 to V27 represent the variants of PF3D7_1136200. Data include samples from all three sites.   134 

The error bars (95% confident intervals) represent represents variations between study sites. 135 

 136 

Extensive African serological diversity condenses into just three serogroups  137 

 We performed a hierarchical clustering analysis of the pairwise correlation coefficients 138 

between antibodies against all variants. Remarkably, these segregated into just three serogroups 139 
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named C1, C2 and C3, that had similar IgG and IgM responses (indicated along the rows of the 140 

heatmap in Fig. 3). These strong correlations suggest that there are cross-reactive or shared 141 

epitopes within serogroups. Thus, although 27 antigen variants revealed extensive serological 142 

diversity (Fig. 2), this is nevertheless constrained by similarities to three serogroups.  143 

Serogroups are driven by geographical locations and genetic haplotypes 144 

To identify the determinants of serogroups, we conducted a dissimilarity analysis based 145 

on the Euclidean distance between individual responses to all variants.  We identified six 146 

response profiles from 675 individuals across three distinct African populations (P1 – P6, clusters 147 

along the columns of the heatmap in Fig. 3). Serogroup profiles largely reflected geographical 148 

locations (Fig. 3). For instance; P2, P4 and P5 were highly enriched in samples from Balonghin; 149 

whereas P1 and P3 were dominated by samples from Bandiagara (P < 0.01, χ2). In contrast, 150 

samples from Kisumu were more evenly dispersed across all serogroups. The variation of 151 

serogroups by site was confirmed in an exploratory principal component analysis (Extended data 152 

Fig. 2).  Age had a modest impact on serogroup profiles (Fig. 3, Extended data Fig.3) while malaria 153 

status had none (P < 0.01 and P = 0.15, respectively, χ2, Fig. 3). 154 

A sequence analysis at the genetic level indicated two main haplotypes, G204 and C204 155 

(Fig. 3 and K.N, F.H.A.O, manuscript in preparation). The majority of variants in serogroups C1 156 

and C2 belonged to the C204 haplotype (3/4 and 3/5, respectively). In contrast, serogroup C3 was 157 

dominated by G204 haplotypes (11/18). 158 

 159 
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 160 

Fig. 3| Extensive serological diversity clusters into three serogroups. Heatmap combines 161 

hierarchical cluster analysis of Spearman’s R (dendrogram on y axis, left) and Euclidean distance 162 

(dendrogram on x axis, top), with haplotype diversity (y axis, right) and individual antibody 163 

response measurements (MFI values). Numbers above dendrograms indicate the ranks of the 164 

clusters. C204 and G204 are the two haplotype families of PF3D7_1136200 (K.N, F.H.A.O, 165 

manuscript in preparation) (Table1). Malaria status indicates whether or not a child developed 166 

clinical malaria during follow up.  Data are shown for IgG and are similar for IgM.  167 

 168 

Combinations of IgG and IgM to selected variants predict complete protection 169 

 IgG and IgM isotypes in combination against four variants V4, V10, V12, V20 predicted up 170 

to 100% protection against clinical malaria (Fig. 4), but this varied by geographical location and 171 

age. 172 
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 In Balonghin, children between 2 and 5 years of age with combinations of IgG and IgM 173 

against either V10 or V20 were either completely protected (RR = 5.32 x 10-8 [1.96 x 10-8 – 1.45 x 174 

10-7]) or had a significantly lower risk of malaria during follow up (RR = 0.71 [0.52 – 0.99]) 175 

compared to single antibodies (Fig. 4, Extended data Fig. 4). The subset of these children who 176 

had IgG and IgM antibodies against V10 and V20 simultaneously were also completely protected 177 

(RR = 5.60 x 10-8 [1.77 x 10-8 – 1.77 x 10-7]). Variants V10 and V20 belong to different serogroups.  178 

In Bandiagara, the combination of IgG and IgM against both V4 and V12 was associated with a 179 

63% reduction in the risk of malaria in children over two years of age (RR = 0.37 [0.16 – 0.82]).  180 

Variants V4 and V10 belong to serogroup C1, while V12 and V20 are classified in serogroups C2 181 

and C3 respectively. In Kisumu, none of the combinations tested were associated with a 182 

significant reduction in the risk of malaria.  183 

         184 

 185 

 186 
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 187 

Fig. 4| Combinations of IgM and IgG predict significantly lower risk of malaria. Data are for top 188 

1 IgG and IgM responses by site in children aged between 2 and 5 years. Risk ratios (x-axis) 189 

correspond to single IgG and IgM and; combinations of IgG, IgM and IgG + IgM against either one 190 

or two antigen variants (y-axis). Comb.: combination. Asterisk was used to mark antigen variants 191 

specific to IgM responses to avoid overlaying them with those of IgG. 192 

 193 

Discussion 194 

 Few studies have comprehensively investigated the impact of P. falciparum protein 195 

diversity in the context of naturally acquired immunity 8,32–35. The focus is typically restricted to 196 

IgG responses despite the increasing body of evidence that IgM antibodies against malaria 197 

antigens are also detected in plasma 35–37. Here, we developed a custom protein microarray 198 

comprising 27 variants of PF3D7_1136200 that were common in African isolates and evaluated 199 
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their impact on the serological diversity of this newly identified vaccine candidate  24.  Despite 200 

the fact that we observed only a limited number of amino acid differences between variants, we 201 

detected extensive serological diversity. Remarkably, a hierarchical cluster analysis grouped 202 

these responses into only three serogroups.  The combination of antibodies of the IgG and IgM 203 

isotypes against four selected variants were associated with a high level of protection against 204 

malaria and spanned the three serogroups. These data suggest that the inclusion of these 205 

variants in a vaccine formulation may result in broad protection across serogroups. 206 

 Previous studies have focused mainly on antibodies of the IgG isotype, and investigated 207 

combinations of IgG antibodies against multiple but distinct antigens 11,18,24,34,38.  Here, the 208 

combination of IgG and IgM to different variants of the same antigen was the strongest predictor 209 

of protection. Our data suggest that despite the extensive serological diversity we observed in 210 

this study, only a handful of variants may be sufficient to induce effective immunity when both 211 

isotypes are considered.  Thus, an analysis incorporating both isotypes may be more instructive 212 

than those that focus on either isotype alone 28–31,39.  213 

 Mechanistically, antibodies of both isotypes may bind to different parts of the same 214 

antigen 39, maximizing complementarity in function. IgM has been demonstrated to be more 215 

effective at complement activation 40 and binds a different FC receptor 41, while  IgG is associated 216 

with increased affinity due to somatic hypermutation. Substantial functional studies, epitope 217 

mapping and additional analysis in animal models are needed to further understand how these 218 

interactions promote parasite clearance.  Antibodies of the IgM isotype are typically produced 219 

first in response to infections 42–44, and replaced by IgG after affinity maturation and isotype 220 
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switching during secondary exposure. Our findings reinforce recent evidence indicating that IgM 221 

antibodies have a role in malarial immunity 31,45.  222 

We found a strong correlation between IgM and IgG responses.  Since IgM is pentameric, 223 

we anticipated that we would detect higher levels of this isotype compared to IgG. Our 224 

observation suggests that IgM was not fully “replaced” by IgG although individuals were exposed 225 

to malaria for a couple of years prior to sample collection. In accordance with this, the kinetics of 226 

IgM and IgG production was shown to be comparable in a controlled human malaria infection 227 

study and under conditions of natural exposure to malaria 31. Our data support the suggestion 228 

that the IgM response in malaria  is not restricted to first exposures 31,  and is likely due to the 229 

formation of memory IgM+ B cells 45. The maintenance of IgM production in response to malaria 230 

might suggest that IgG is not sufficient for effective parasite control. IgM antibodies against 231 

PF3D7_1136200 were associated with protection and mirrored those against IgG 8,10,33. Similarly, 232 

IgM responses to the whole merozoite and few other antigens, such as MSP1, MSP3 and AMA1 233 

have been associated with protection from malaria in other studies 28,31.  Although we did not 234 

assess whether the IgM antibodies detected in our study were functional, anti-merozoite IgM has 235 

been shown to induce complement activity 31. 236 

 One limitation of our study is that sequence data was analyzed from the MalariaGEN Pf3k 237 

dataset and these geographic locations did not fully match the locations of our cohort studies. 238 

Notably, the dataset lacks East African isolates and may have resulted in our inability to identify 239 

suitable variants from Kisumu in Kenya.  Genetic relatedness between parasites in West Africa 240 

has been reported previously 46–48, and differs from that in  East Africa 46,48. Taken together, our 241 
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findings suggest that the design of “universal” vaccine based on PF3D7_1136200 is best informed 242 

by a thorough analysis of the extent of the serological diversity in geographically distinct regions. 243 

Against this background, our data suggests that it will be possible to select a handful of variants 244 

that induce broad protection, such as that observed against V10, V20, V4 and V12 in our study. 245 

 Historically, the actual diversity of circulating parasite strains has not been factored into 246 

malaria vaccine design and may have contributed to consistently low efficacy 49. It is therefore 247 

prudent to analyze the impact of antigen diversity on cross-strain protective immunity before 248 

advancing to preclinical and clinical trials. Although this question can be tested using longitudinal 249 

cohort studies, it is rarely systematically evaluated in immuno-epidemiological studies. Our 250 

systematic approach to the analysis of all the common variants of PF3D7_1136200 found in West 251 

and Central Africa, and their impact on serological diversity in multiple cohorts could serve as a 252 

model for other studies. The simultaneous analysis of combinations of IgM and IgG isotypes with 253 

regard to protection is novel, and offers new avenues to investigate protective immunity.  Our 254 

strategy lends support to the idea that despite extensive variation and diversity, a small number 255 

of proteins can induce broad cross-strain protective immunity. Given the extensive flexibility of 256 

protein microarrays; our method can be further boosted by the inclusion of multiple selected 257 

antigens, additional variants and the systematic analysis of additional isotypes, including IgG 258 

subclasses.  259 

 In conclusion, our study suggests that both IgG and IgM antibodies against 260 

Pf3D7_1136200 contribute to protection against malaria. When both isotypes are considered, 261 

only a handful of antigen variants appear to be sufficient to overcome the extensive genetic 262 
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diversity observed in African isolates and bodes well for vaccine development. We provide a 263 

pipeline for the systematic analysis of antigen diversity in sero-epidemiological studies at the 264 

earliest stages of vaccine development. 265 

 266 
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 391 

Methods 392 

Cohort studies 393 

 We used retrospectively cryopreserved (-80o C) archived samples and clinical data 394 

collected from three independent cohort studies in West and East Africa along local institutional 395 

and national scientific and ethical guidelines. The main multicenter project was approved and 396 

regularly reviewed by the KEMRI Scientific and Ethics Review Unit (approval number: 397 
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KEMRI/SERU/CGMR-C/001/3139). Although the transmission profile of malaria in the three study 398 

sites was different, the design of the prospective cohort study was similar. Participants included 399 

children aged between 0 and 5 years.  400 

 The first study was conducted in Kombewa Division, formerly in Kisumu District in western 401 

Kenya. Malaria transmission is hyperendemic in the area with two peaks corresponding to long 402 

(March to June) and short (November to December) rainy seasons 50. The monthly incidence of 403 

malaria episodes ranged between 20  and 55%  50.  The entomological inoculation rate (EIR) was 404 

estimated at 0.65 – 0.79 infectious mosquito bites per person per night 51. This study was a 405 

randomized phase IIb clinical trial of an MSP142 vaccine that was not protective. Participants were 406 

followed over 6 months through bi-weekly active visits from 2004 to 2005 and passive 407 

unscheduled visits. A malaria episode was defined as the presence of parasitaemia by microscopy 408 

(≥ 50,000 parasites/µl) and fever (≥ 37.5o C). 409 

 The second study was conducted in the Saponé health district, in Balonghin, 40 km south 410 

of Ouagadougou, the capital city of Burkina Faso. Malaria transmission is seasonal and peaks 411 

during the rainy season from June to September, when the estimated EIR reaches 44.4 infective 412 

bites per person per month 52. The study was originally conducted to evaluate malaria 413 

epidemiology in preparation for drug and vaccine clinical trials. Participants were recruited in 414 

June 2007 and followed fortnightly over 12 months through active and passive visits 52. The 415 

definition of a malaria episode was the presence of microscopic parasitaemia (≥ 5000 parasites/μl 416 

in the high season and ≥ 2500 parasites/μl in the low season) and fever (≥ 37.5o C).  417 
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 The third study was conducted in Bandiagara (Mali), a Savannah-Sahel area in northeast 418 

Mali. Malaria transmission is highly seasonal from June to December and becomes intense in 419 

August – September during the rainy season when the EIR is estimated at 60 infective mosquito 420 

bites per person per month 53,54. Children aged between 1 and 5 years experience an average of 421 

2 malaria episodes each year 54. The aim of this longitudinal cohort study was to validate putative 422 

asexual blood stage antigens as vaccine candidates. Participants were enrolled in June 2008 and 423 

monitored weekly through active and passive visits until May 2009. A malaria episode was 424 

defined as the presence of parasitaemia by microscopy (2500 parasites/µl) and fever (≥ 37.5o C).   425 

DNA construct design and cloning 426 

  We prepared 27 constructs to express antigen variants as full-length proteins in the 427 

Expi293 expression system (Invitrogen) as previously described 16,23. Briefly, protein sequences 428 

were designed following the removal of the predicted signal peptide and GPI modification site.  429 

All N-linked glycosylation sites (NXS/T) were modified by replacing serine (S) and threonine (T) 430 

residues by alanine. The DNA molecules that encode these proteins were synthesized by Geneart 431 

AG after codon-optimization for expression in human cells. NheI and BamHI restriction sites were 432 

added during gene synthesis to enable sub-cloning of the inserts into pTT28 vector (obtained 433 

from National Research Council Canada Biotechnology Research Institute) by restriction digest. 434 

TOP10 chemically competent Escherichia coli (One Shot™, ThermoFisher) was transformed to 435 

select and bulk up constructs that were successfully cloned. The vector contained the 436 

cytomegalovirus promoter, N-terminal human alkaline phosphatase signal peptide, NheI and 437 
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BamH restriction sites, and octahistidine tag (His8G). This design enabled expression and 438 

secretion of C-terminal His-tagged proteins. 439 

          Other antigens were used as controls, including AMA1, MSP1, MSP3, MSRP4, P113, SEG2, 440 

SERA3 and SERA7 (Supplementary Methods). To produce these proteins, we harnessed 441 

expression constructs that have been previously cloned in our laboratory and published 16. 442 

Recombinant protein expression and purification 443 

          Frozen Expi293F® cells (Gibco) were thawed and sub-cultured in Expi293® expression 444 

medium (GIBCO) at least three times before transfection. Culture flasks were incubated at 37o C 445 

and 8% CO2 in air while shaking at 125 rpm. Cells were considered for transfection when the 446 

viability reached at least 95%.  Expression constructs were used to transfect the diluted culture 447 

at 2x106 cells/ml to obtain 1 µg/ml of final DNA concentration using ExpiFectamine 293 448 

transfection kit (Gibco). Enhancers were added 16 – 18 hours after transfection, and the 449 

recombinant proteins were harvested 2 – 4 days later in the supernatant.  450 

          Full-length C-terminal his tagged proteins were purified using Ni-NTA purification system in 451 

native conditions (QIAGEN). The pre-charged Ni-NTA agarose with Ni2+ ions was added to the 452 

culture supernatants and incubated at 4o C for 1 hour while shaking to allow proteins to bind. 453 

The bound resins were then transferred to polypropylene columns for wash and elution using 454 

imidazole-containing buffers through gravidity-flow chromatography. We used the BCA protein 455 

assay kit (Thermo Scientific) to quantify the newly purified proteins.  456 

Western blot  457 
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          Before running sodium dodecyl sulfate – polyacrylamide gel electrophoresis (SDS-PAGE) in 458 

reducing conditions, 10 µl of purified protein were mixed with 10 µl of loading buffer and heat-459 

denatured at 100o C for 5 minutes. After loading the denatured proteins, SDS-PAGE was run for 460 

100 minutes at 100 volts. Proteins were transferred onto methanol-activated polyvinylidene 461 

difluoride membrane and run for 1 hour at 80 volts. Membrane was then blocked with 5% Blotto, 462 

non-fat dry milk (ChemCruz), in Tris-buffered saline for 1 hour. After blocking and wash, HRP-463 

conjugated anti-polyhistidine antibody was used for detection. The membrane was imaged using 464 

ChemiDoc XRS+ system (BIO-RAD). 465 

Enzyme-linked immunosorbent assay 466 

       To check for immunogenicity, proteins were processed using a 3-day ELISA protocol as 467 

previously described 55. Briefly, after serial dilution (0.031 – 32 µg/ml) in sodium carbonate and 468 

bicarbonate buffer, recombinant proteins were coated in 96-well plates for overnight incubation 469 

at 4o C. Following coating, plates were washed five times with phosphate-buffered saline (PBS) 470 

at 0.05% tween 20 (PBST) before blocking with 1% skimmed milk in PBST (block buffer) for 5 471 

hours. Plates were washed later with PBST before adding PHIS, MIG and naïve serum diluted in 472 

block buffer (1:1000) for overnight incubation at 4o C. On the next day, plates were washed and 473 

incubated with HRP-conjugated rabbit anti-human IgG diluted in block buffer (1:5000) for 3 474 

hours. After final wash, plates were incubated with the substrate (o-Phenylenediamine 475 

dihydrochloride-based solution) for 25 minutes before adding 2M H2SO4 to stop the reaction. 476 

The optic density (OD) was immediately measured at 492 nm. 477 
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          To test for linear or conformational epitopes, proteins were first denatured at 70o C for 1 478 

hour before coating at 1 µg/ml along with the native form. We used the same 3-day ELISA 479 

protocol. The OD values of native and denatured proteins were compared. 480 

Custom protein microarray design and printing 481 

          We developed our custom protein microarray as previously described 16 with minor 482 

modifications. Our chip was designed to contain 35 proteins, including 27 variants of 483 

PF3D7_1136200 and AMA1, MSP1, MSP3, MSRP4, P113, SEG2, SERA3 and SERA7 (used as 484 

controls, Supplementary Methods); 12 immunoglobulin controls and 13 blanks (printing buffer 485 

only). The immunoglobulin controls included 6 fluorochrome-conjugated anti-human IgG and 486 

IgA, 3 capture human IgG and 3 commercial rabbit anti-human IgG. Fluorochrome-conjugated 487 

immunoglobulins were used as landmarks to help visualize the miniarrays after printing. Capture 488 

IgG was used to check the quality of the test serum. The commercial antibodies were used to 489 

validate our sample processing because they bind the secondary antibodies. We used 24-490 

miniarray nitrocellulose slides (ONCYTE SuperNOVA, GraceBio). Proteins were diluted to 250 491 

µg/ml in printing buffer (50% glycerol and 1% Triton X-100 in distilled water) prior to printing. 492 

The printing was performed by non-contact double dropping of 100 pl of diluted proteins at 23°C 493 

and 60% humidity using the Marathon micro-arrayer (ArrayJet advance) that was endowed with 494 

the Inkjet printing system (ArrayJet advance). Proteins and controls were spotted in triplicate, 495 

generating 180 spots per miniarray. After printing, slides were kept in the printer to dry for 1 496 

hour and stored at 4o C until processing. 497 

Microarray processing 498 
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          Before processing, microarray slides were pre-scanned to check the quality of the 499 

miniarrays after one-month storage at 4o C. Four slides were assembled into a 4 x 24 hybridization 500 

cassette (Arrayit Corporation, ARYC), allowing to process one sample per miniarray, 24 samples 501 

per slide and 96 samples per cassette (equivalent to a 96-well ELISA plate). An MIG titration was 502 

performed per sample batch (run) using 11 concentrations ranging between 533 and 0.009 µg/ml 503 

to check the stability of our experiments. In total, 3 PHIS, 22 European naïve sera and 38 blanks 504 

were run on the slides along with the samples. We began by washing the wells (miniarrays) twice 505 

with 200 µl of 0.1% tween 20 in 1X 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 506 

buffer saline (HBS: 1.4 M NaCl, 50 mM KCl, 20 mM CaCl2, 10 mM MgCl2 and 100 mM HEPES) 507 

(wash buffer 1) and once with 200 µl of 1X HBS (wash buffer 2) for 5 minutes while shaking at 508 

300 rpm. After 3 washes (2 times with wash buffer 1 and one time with wash buffer 2), slides 509 

were blocked with 200 µl of 2% IgG-free bovine serum albumin in wash buffer 1 (Block and serum 510 

dilution buffer) per well for 2 hours at room temperature while rotating in dark. We added 150 511 

µl of diluted serum samples in block buffer (1:400) per well after 3 washes and incubated the 512 

slides overnight at 4o C while rotating in dark. On the next day; the two secondary antibodies, 513 

Alexa Fluor® 647-conjugated donkey anti-human FCγ (IgG) fragment (Jackson ImmunoResearch) 514 

and goat Alexa Fluor® 555-conjugated anti-human IgM (SouthernBiotech), were mixed and 515 

diluted in block buffer (1:800). Following blocking, slides were washed 3 times before adding 150 516 

µl of diluted secondary antibodies per well for 3-hour incubation at room temperature while 517 

rotating in dark. After this step, slides were washed 3 times before we dissembled them from the 518 

hybridization cassette for final rinse in distilled water using Coplin jars. Slides were dried by 519 

moderate centrifugation (300 g) for 5 minutes using a CombiSlide adapter (Eppendorf). Finally, 520 
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slides were scanned using GenePix 4000B Microarray Scanner (Molecular Devices) coupled to 521 

GenePix Pro 7 Microarray Acquisition and Analysis Software, which enabled data extraction from 522 

the slide images as MFI. IgG and IgM reactivities were detected simultaneously using different 523 

channels at 635 and 532 nm, respectively.  524 

Data analysis  525 

          For each protein, we used the average of the median MFI values of the 3 spots statistical 526 

analysis after subtracting background intensities. Data quality control was performed using R 527 

v3.6.1 and included evaluation of background intensities, buffer signals, replicate correlation, and 528 

negative and positive controls (Supplementary Fig. 1, 2, 3, 4 and 5). Outliers (5.7%) corresponding 529 

to degraded slide images (Supplementary Fig. 6) were removed from the final data. To reduce 530 

batch effect and systematic variations, we normalized the data using ComBat function (SVA 531 

package in R)  and VSN methods 56,57, respectively, as previously reported 16. The univariate 532 

analysis and data visualization, were performed using stats. For multivariable analyses of the 533 

magnitude of the MFI responses ComplexHeatmap, FactoMiner and factoextra packages were 534 

used. Population-level variations of antibody reactivities were estimated by hierarchical 535 

clustering of the Euclidean distances between individual MFI values. Hierarchical clustering of 536 

Spearman correlation matrix was performed to evaluate the relatedness between antigen 537 

variants in terms of antibody responses. The threshold of seropositivity was defined as geometric 538 

means of MFI values + 2 standard deviations in 22 naive controls. To investigate association with 539 

protection, a modified Poisson regression model between seropositivity and clinical episodes of 540 

malaria was fitted in which age was used as a covariate. This analysis was performed using a suite 541 
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of R packages including sandwich, geepack , lmtest and 58 and enabled estimate of risk ratios of 542 

malaria episodes during follow-up as well as P-value and 95% confidence intervals. To perform 543 

the combinatory analysis of antibody responses, we first calculated cross-seropositivity scores 544 

which referred to seropositivity of different antibody isotypes concurrently within the same 545 

individual. The cross-seropositivity variable was then used in the modified Poisson regression 546 

model to analyze protective association. Data visualization was performed using ggplot2 and 547 

ggpubr packages. 548 
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 597 

Extended data Fig. 1| Pairwise Pearson’s correlation between IgG and IgM reactivities. The 598 

graph shows the degrees of correlation of both antibody isotypes between same and different 599 

antigen variants. Numbers in the heatmap represent individual pairwise correlation coefficients 600 

(R). Data include MFI normalized values from all three sites (n= 675). 601 
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 602 

Extended data Fig. 2| Principal component analysis of normalized antibody reactivity data. 603 

Data include individual IgG responses to V1 – V28 variants from all three sites. Samples from 604 

West Africa (Balonghin, n = 228  and Bandiagara, n = 195) segregated into two distinct clusters 605 

according to study sites whereas those from East Africa (Kisumu, n = 252) are spread-out. 606 

 607 

A 608 

 609 
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 612 

Extended data Fig. 3| Antibody reactivities and age. Children were categorized into five age 613 

groups: 0 – 1 years, 1 – 2 years, 2 – 3 years, 3 – 4 years and 4 – 5 years. 2. A) IgG responses. 614 

Levels of antibody responses to 7 out of 27 variants increased significantly with age. Levels of 615 

IgG to V19 decreased significantly with age. A) IgM responses. Levels of antibody responses to 616 

14 of 27 variants increased significantly with age but decreased significantly for anti-V20. 617 

WELLFULL is the full MSP1 block2 of the Welcome variant. Kruskal-Wallis test was used and p-618 

values are displayed in the figures. Study participants are from all three sites (n = 675). 619 

 620 
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 622 

 623 

 624 

 625 
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Extended data Fig. 4| Associations between antibodies against variants of PF3D7_1136200 628 

and protection from clinical episodes of malaria.  (A) IgG. (B) IgM. Data were stratified by age 629 

(0 – 2 years and 2 – 5 years) and site (Balonghin, n = 228; Bandiagara, n = 195 and Kisumu, n 630 

=252). MSP1-WELLFULL; MSP1 block2 full-length protein based on the Wellcome parasite 631 

strain. The other proteins AMA1, MSP1-WELLFULL, MSP3, MSRP4, P113, SEG2, SERA3 and 632 

SERA7 were added to the custom chip as controls. 633 

 634 



Figures

Figure 1

Quality of the recombinant proteins. (A) Western blot of an illustrative variant of PF3D7_1136200, V3.
Experiments were performed with 10 µl of puri�ed protein. Proteins were fragmented after expression.
The size of the full-length protein was ~ 75 kDa (indicated by an arrow) (B) ELISA standard curve. MIG:
puri�ed malaria immunoglobulins. Naive: malaria-naive serum. (C) ELISA of the native and denatured
forms of V3. PHIS: pooled malaria hyperimmune sera. Proteins were heat-denatured at 70oC for 1 hour
and coated at 1 µg/ml.

Figure 2



Extensive serological diversity despite limited amino acid differences between variants. V1 to V27
represent the variants of PF3D7_1136200. Data include samples from all three sites. The error bars (95%
con�dent intervals) represent represents variations between study sites.

Figure 3

Extensive serological diversity clusters into three serogroups. Heatmap combines hierarchical cluster
analysis of Spearman’s R (dendrogram on y axis, left) and Euclidean distance (dendrogram on x axis,
top), with haplotype diversity (y axis, right) and individual antibody response measurements (MFI values).
Numbers above dendrograms indicate the ranks of the clusters. C204 and G204 are the two haplotype
families of PF3D7_1136200 (K.N, F.H.A.O, manuscript in preparation) (Table1). Malaria status indicates
whether or not a child developed clinical malaria during follow up. Data are shown for IgG and are similar
for IgM.



Figure 4

Combinations of IgM and IgG predict signi�cantly lower risk of malaria. Data are for top 1 IgG and IgM
responses by site in children aged between 2 and 5 years. Risk ratios (x-axis) correspond to single IgG
and IgM and; combinations of IgG, IgM and IgG + IgM against either one or two antigen variants (y-axis).
Comb.: combination. Asterisk was used to mark antigen variants speci�c to IgM responses to avoid
overlaying them with those of IgG.
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