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Abstract

The recent decline in global malaria burden has stimulated efforts toward Plasmodium falciparum 
elimination. Understanding the biology of malaria transmission stages may provide opportunities 

to reduce or prevent onward transmission to mosquitoes. Immature P. falciparum transmission 

stages, termed stages I to IV gametocytes, sequester in human bone marrow before release into the 

circulation as mature stage V gametocytes. This process likely involves interactions between host 

receptors and potentially immunogenic adhesins on the infected red blood cell (iRBC) surface. 

Here, we developed a flow cytometry assay to examine immune recognition of live gametocytes of 

different developmental stages by naturally exposed Malawians. We identified strong antibody 

recognition of the earliest immature gametocyte-iRBCs (giRBCs) but not mature stage V giRBCs. 

Candidate surface antigens (n = 30), most of them shared between asexual- and gametocyte-

iRBCs, were identified by mass spectrometry and mouse immunizations, as well as correlations 

between responses by protein microarray and flow cytometry. Naturally acquired responses to a 

subset of candidate antigens were associated with reduced asexual and gametocyte density, and 

plasma samples from malaria-infected individuals were able to induce immune clearance of 

giRBCs in vitro. Infected RBC surface expression of select candidate antigens was validated using 

specific antibodies, and genetic analysis revealed a subset with minimal variation across strains. 

Our data demonstrate that humoral immune responses to immature giRBCs and shared iRBC 

antigens are naturally acquired after malaria exposure. These humoral immune responses may 
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have consequences for malaria transmission potential by clearing developing gametocytes, which 

could be leveraged for malaria intervention.

INTRODUCTION

Plasmodium falciparum malaria morbidity and mortality have decreased substantially in the 

past decade (1). These recent gains are threatened by the spread of artemisinin-resistant 

parasites (2) and insecticide-resistant mosquitoes (3). The recent achievements in malaria 

control and necessity to contain artemisinin resistance have stimulated malaria elimination 

initiatives that require a thorough understanding of the biology and epidemiology of malaria 

transmission and alternative transmission-reducing interventions (4).

P. falciparum transmission to mosquitoes is initiated when a small subset of asexually 

replicating blood stage parasites produce sexual progeny or gametocytes. Gametocytes 

develop in human red blood cells (RBCs) along five morphological transitions (stages I to 

V); stage I to IV development takes place predominantly in the extra-vascular niche of the 

bone marrow and spleen (5–7). Mature stage V gametocytes are released into the peripheral 

blood circulation where they may be ingested by a blood-feeding mosquito upon which they 

egress from RBCs as activated gametes and fuse and form motile zygotes. Further 

sporogonic development renders the mosquito infectious to humans. Several sexual stage 

proteins that have no function in gametocyte development but are essential for gamete 

fertilization (e.g., Pfs48/45 and Pfs230) or post-fertilization development in the mosquito 

(e.g., Pfs25 and Pfs28) (8) have been identified.

There is currently incomplete evidence for immune responses that affect gametocyte 

formation, maturation, or circulation time (9). Several field studies suggested mature 

gametocyte clearance after repeated malaria exposure (10–13), and antibody responses 

against uncharacterized targets on mature gametocyte-infected RBCs (giRBCs) have been 

associated with lower gametocyte densities (12, 14). Another field study identified 

antibodies that bound the surface of stage II to V giRBCs and distorted early gametocyte 

morphology and maturation (15). Depending on which stage(s) they target, antigametocyte 

immune responses could be involved in blocking extravascular adhesion of immature 

giRBCs and/or clearance of circulating mature giRBCs in a manner similar to antibodies 

against the asexual antigen Plasmodium falciparum erythrocyte membrane protein 1 

(PfEMP1). PfEMP1 is an immunodominant antigen on the surface of RBCs infected with 

asexual parasites (aiRBCs); anti-PfEMP1 antibodies have an established role in immune 

clearance by inhibiting vascular adhesion and by opsonizing aiRBCs for phagocytic 

clearance (16, 17). aiRBC surface antigens other than PfEMP1 exist (18) and are associated 

with phagocytosis and cytotoxicity (19). The ligands involved in giRBC adherence may be 

different from those involved in endothelial binding of aiRBCs; giRBCs are localized to an 

extravascular compartment (5, 7), show limited binding to human endothelial cell lines, and 

harbor minimal PfEMP1 on their surface (20). Although no specific giRBC ligand has been 

identified, 1/10 of the early gametocyte proteome consists of putatively exported antigens 

called P. falciparum gametocyte-exported proteins (PfGEXPs) (21).
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Hypothesizing that developing gametocytes could be targets of antibody responses in the 

human host, we performed a systematic characterization of gametocyte stage–specific 

immune recognition and clearance. We demonstrate naturally acquired human immune 

responses targeting immature (stages I to III) but not more mature stage V giRBCs. 

Experiments using whole cells and surface-intact and surface-depleted membrane fractions 

of diverse parasite strains provide evidence for giRBC surface antigens, most of them shared 

with aiRBCs. We further demonstrate that natural immunity to shared iRBCs correlates with 

reduced asexual and gametocyte burden and that a subset of the target antigens shows 

minimal sequence diversity.

RESULTS

Human immune responses recognize secreted gametocyte proteins

We first probed a P. falciparum peptide array enriched for proteins expressed in the 

gametocyte and gamete stages (22) with human plasma samples from 579 asymptomatically 

infected individuals from Cameroon, Burkina Faso, and the Gambia (table S1) (22) to 

examine natural immunity. Proteins were clustered on the basis of their stage-specific 

abundance in the blood and mosquito stages in proteomics studies (21, 23, 24), as well as by 

cellular localization; localization was divided into those proteins that are parasite internal 

(internal/unknown localization) or secreted onto the merozoite or gamete surface or into the 

host cell in intra-erythrocytic stages (secreted) (Fig. 1, A and B; see also table S2). Five 

stage-specific clusters (gametocyte specific or shared with asexual stages) were enriched in 

secreted antigens (Fig. 1A), and secreted antigens showed significantly higher antibody 

responses compared to internal antigens for shared, gametocyte-specific and gametocyte/

mosquito stage proteins (P≪0.001) (Fig. 1C). Responses to shared secreted proteins 

increased with age, whereas responses to secreted gametocyte or mosquito stage proteins or 

to parasite internal proteins did not. Correlations were highly significant for a total of 121 

individual peptides (adjusted P < 0.05; table S3). Although responses to numerous protein 

fragments showed progressive increases with age (fig. S1A), responses to other antigens, 

including PTP6 (25) and GEXP08, reached a plateau in the 12- to 30-year-old group (fig. 

S1B). These results indicate that humoral responses to secreted parasite antigens (shared and 

gametocyte specific) are correlated with cumulative exposure to malaria.

Immune responses target the immature but not the mature giRBC surface

Detection of immune responses against secreted gametocyte proteins prompted us to directly 

examine immune recognition of giRBC surface antigens among an independent population. 

In a cross-sectional study, we collected plasma samples from 244 individuals with suspected 

malaria from southern Malawi (see Materials and Methods and Table 1). A subset of rapid 

diagnostic test–postive (RDT+) samples and an RDT− control (representative of the entire 

Malawian study population in terms of age and sex distribution) was incubated with P. 
falciparum NF54 stage II/III giRBC, stage V giRBCs, or activated gametes. Surface 

reactivity was measured by comparing the percentage of immunoglobulin G (IgG)–positive 

cells between incubations with Malawian and naïve control sera (see figs. S2 and S3). To 

differentiate nonactivated gametocytes (i.e., intact giRBCs) from activated ones (i.e., free 

gametes), stage V incubations were costained with antibodies recognizing the gametocyte/
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gamete surface antigen Pfs48/45 (which becomes accessible upon RBC rupture and giRBC 

activation) and the RBC surface antigen glycophorin C. Highest surface reactivity was found 

for gametes (mean, 25.80% recognized cells), with substantial reactivity also observed for 

stage II/III (mean, 6.22%) but not for stage V giRBCs (Fig. 2A). The relatively low 

percentage of giRBCs recognized suggests low abundance, accessibility, and/or 

immunogenicity of putative antigen targets. Of the Malawian plasma samples tested, 75.00% 

(n = 18 of 24) and 95.83% (n = 23 of 24) recognized stage II/III giRBCs or gametes, 

respectively, whereas no samples were positive for stage V recognition (Fig. 2B).

We further investigated antibody specificity to immature giRBC surface antigens as 

compared to aiRBCs using a transgenic version of the Ghanaian P. falciparum parasite 

Pf2004 (26, 27), Pf2004/164TdTomato (Pf2004_164/TdTom). This parasite expresses the 

TdTomato reporter under the control of the PF10_0164 promoter (28) that allows detection 

by fluorescence microscopy and flow cytometry of gametocytes of all stages except the first 

30 hours of development (Fig. 2C). Among 244 Malawian plasma samples, the strongest 

responses to aiRBCs correlated with the strongest responses to giRBCs, whereas 14 samples 

were uniquely positive for giRBCs (Fig. 2, D and E). No differences between RDT+ and 

RDT− individuals in antibody responses for any antigen class were observed (fig. S4A). 

When we repeated our surface recognition experiments with the 3D7 reference strain (a 

clone of NF54 used in Fig. 2A, potentially expressing different surface proteins than 

Pf2004), we observed lower surface antigen expression and lower nonspecific IgG labeling 

from naïve serum compared to Pf2004 (fig. S4, B and C). These strain disparities are 

consistent with previous work observing differential reactivity of Kenyan plasma samples to 

parasite strains of different genetic origins (18). Surface protein removal with trypsin and 

chymotrypsin treatment revealed that both specific and nonspecific binding of IgG involved 

antigens on the surface of aiRBCs and giRBCs (fig. S4, D and E). Further experiments using 

the same patient sera and naïve controls revealed no IgM binding above background and 

therefore excluded IgM binding as an explanation for the observed nonspecific surface 

recognition (fig. S5). These data provide strong evidence for IgG-targeted antigens that are 

shared between asexual and gametocyte stages.

The prevalence (number of samples with substantial aiRBC and/or giRBC recognition) and 

magnitude (median fluorescence intensity, MFI) of iRBC reactivity was significantly higher 

for adults compared to children (Fig. 2F). The increased aiRBC reactivity with age (top) 

corroborates the well-characterized pattern of increasing breadth of antibody response to 

asexual parasites with cumulative exposure (29–31). The slower age-dependent increase for 

giRBC responses (bottom) may reflect the lower abundance of immature gametocytes and 

suggests that giRBC responses differ from those against gametocyte/gamete antigens 

Pfs48/45 and Pfs230 that appear short-lived (22, 32, 33). We then probed a subset of the 

Malawian plasma samples (representing a range of reactivity by flow cytometry) on the 

peptide array to identify recognized targets. Recognition of the giRBC surface by flow 

cytometry was correlated with mean array responses for shared asexual-gametocyte and 

gametocyte-specific secreted antigens (Fig. 2G) but not internal proteins. Individuals 

recognizing giRBCs by flow cytometry had significantly higher reactivity (P < 0.05) to a 

subset of 22 protein fragments (including 4 shared and 13 gametocyte specific) compared to 

individuals with minimal reactivity to giRBCs (table S4 and fig. S1C). Together, these data 
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demonstrate that plasma samples recognizing both aiRBCs and giRBCs show the highest 

magnitude in reactivity, and this signal is driven by antibody responses against secreted 

antigens across all age groups.

Antigens on the giRBC surface are predominantly shared with aiRBCs

TdTomato fluorescence increases with later stage gametocytes (Fig. 3A), and microscopy 

and flow experiments indicated that weak TdTomato fluorescence corresponded to stage I/II 

gametocytes and strong TdTomato fluorescence to stage II/III gametocytes. Three lines of 

evidence suggest that giRBC surface reactivity is specific for stage I/II gametocytes: (i) A 

higher percentage of stage I/II weak TdTomato signal consistently corresponded to a higher 

percentage of cells staining positive for the surface (Fig. 3B), (ii) the intensity of IgG 

staining correlated with the percentage of weak TdTomato+ cells (Fig. 3C), and (iii) 

microscopy confirmed significantly higher percentages of surface labeling of aiRBCs and 

stage I/II giRBCs compared to stage II/III giRBCs (Fig. 3D). These results demonstrate that 

giRBC reactivity is highest in early stage gametocytes (stage I/II) and decreases during 

gametocyte development.

To identify the target giRBC surface antigens, we probed aiRBC and stage I to III giRBC 

membranes with (+) or without (−) treatment with trypsin and chymotrypsin (hereafter 

referred to as +trypsin and −trypsin samples) with Malawian plasma samples by Western 

blot. By comparing differential bands between surface-intact (−trypsin) and surface-depleted 

(+trypsin) samples, we identified both shared (aiRBC-giRBC) and giRBC-specific trypsin-

sensitive protein bands (Fig. 4A), demonstrating the presence of immunogenic antigens on 

the giRBC surface. Next, we performed mass spectrometry–based proteomics of stage I to 

III giRBC membrane samples and assessed reactivity of sera from mice immunized with the 

same giRBC membrane samples. These results were combined with the proteins recognized 

by individuals with giRBC reactivity by flow cytometry in experiments described above to 

form an initial list of potential giRBC surface antigens.

In the first approach, we performed whole-lane in-gel digestion with three biological 

replicates of +trypsin versus −trypsin giRBC membranes and identified differentially 

enriched protein bands between the two conditions by mass spectrometry (Fig. 4B and table 

S5). Overall, 72.20% of proteins identified in −trypsin samples were shared between all 

three replicates, and 92.21% of proteins were identified unequivocally in at least two of the 

three replicates. Of all 235 proteins that were >1.25× enriched in the −trypsin sample (table 

S5), a subset of 30 (12.77%) secreted proteins were considered putative surface antigen 

candidates. Secreted proteins were defined by the presence of at least one transmembrane 

domain (TM; including the N-terminal signal sequence) and either known localization to 

membrane/surface or host cell or unknown localization. Within this set of 30 candidates, 28 

(93.33%; 11.91% of total candidate list) showed evidence for export into the host cell based 

on predicted PEXEL motif (21 proteins) or PEXEL/HT-negative exported protein (PNEP) 

annotation (7 proteins) and 23 were expressed in both asexual and gametocyte stages. This 

candidate list includes several previously identified secreted antigens such as multiple 

Plasmodium helical interspersed subtelomeric family proteins such as GEXP02, as well as 

PIESP2 (21, 34–38).
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In a complementary antigen-discovery approach, we immunized mice with the same surface-

intact (−trypsin) or surface-depleted (+trypsin) giRBC membranes used for proteomics and 

probed sera on our gametocyte-enriched protein array. Several bands on Western blot were 

present only in experiments using sera from mice immunized with surface-intact giRBC 

membranes and were reduced in intensity when surface-depleted membranes were probed 

with these sera compared to surface-intact membranes (Fig. 4C). Sera from all mice showed 

similar responses to parasite-internal peptides on the array, but sera from mice immunized 

with −trypsin preparations showed significantly higher responses to secreted proteins 

compared to mice immunized with +trypsin preparations (P = 0.04315; Fig. 4D). Because of 

lower background using mouse sera compared to human sera, many normalized mean 

response values were negative; however, the significant differential responses were 

consistent with observed reduced band intensity after trypsin treatment by Western blot (Fig. 

4C) and with the same array probed with human plasma samples described earlier. 

Consistent with our previous results using the peptide array, 16 individual protein fragments 

elicited significantly higher differential responses with sera from mice immunized with 

surface-intact membranes (Fig. 4E and table S6). GEXP07 and GEXP10, two proteins on the 

iRBC surface that can bind to the chemokine CX3CL1 (37), were recognized both by sera 

from mice immunized with intact and surface-depleted membranes (Fig. 4F), suggesting that 

their ectodomain is trypsin insensitive.

In total, we identified an overlapping set of 68 initial candidate giRBC surface antigens: 22 

proteins with significantly correlated array versus flow cytometry responses (table S4), 30 

proteins from mass spectrometry–based proteomics (table S5), and 16 proteins eliciting 

significantly higher responses from sera from mice immunized with surface-intact 

(compared to surface-depleted) giRBC membranes (table S6). This list was then filtered 

based on detection by gametocyte surface proteomics and presence of at least one TM; 

subsequently, any proteins with confirmed localization within the parasite or 

parasitophorous vacuole or Maurer’s clefts were removed. The remaining 30 proteins were 

therefore deemed potential giRBC surface antigens (table S7): 26 were identified by surface 

proteomics, 3 were identified by the parallel mouse immune profiling experiment, and 1 hit 

was identified only by correlating protein array responses and surface reactivity of patient 

plasma samples. Of the 30 candidate antigens, 26 (86.7%) showed evidence of export into 

the host cell based on the presence of a PEXEL (23 proteins) or PNEP (3 proteins) motif, 

and most of the identified proteins (23 proteins; 76.7%) were expressed both in asexual and 

gametocyte stages (i.e., shared expression profile). There is independent evidence for 

localization at the iRBC periphery and/or surface for 12 of these 30 candidates from 

previous studies (table S7), further supporting our data.

Validation of giRBC antigen surface localization

From the 30 proteins, we selected 9 for experimental validation of surface expression using 

antibodies against peptides [PF3D7_0402000, PF3D7_0702500, PF3D7_0936800, PTP5, 

PTP6, GEXP02, GEXP07, and GEXP10] or a recombinant protein [PF3D7_0532400 (39)] 

(table S8) in Western blots (Fig. 5A), flow cytometry (Fig. 5B), and live 

immunofluorescence assays (IFAs; Fig. 5, B and C). In addition, we performed IFAs using 

fixed, permeabilized cells to determine the cellular distribution of the candidate proteins 
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(Fig. 5D). We obtained a band of the expected size by Western blot, and candidate antigens 

showed variable degrees of trypsin sensitivity (Fig. 5A and fig. S6). All antibodies except 

PTP6, which did not detect giRBCs, were then tested by flow cytometry (Fig. 5B) and 

immunofluorescence microscopy (Fig. 5, B and C) using live Pf2004_164/TdTom parasites. 

By flow cytometry, all antibodies, except those against GEXP10 and GEXP07, showed 

significantly reduced recognition of surface-depleted asexual stages and early gametocytes, 

although cell binding was low for some antibodies (Fig. 5B, right). The overall percentage of 

cells labeled and the magnitude of decreased labeling after trypsin treatment were higher in 

live IFAs [Fig. 5, B (left) and C] compared to flow cytometry. Again, GEXP10 and GEXP07 

appeared insensitive to trypsin treatment in these assays. Apart from trypsin sensitivity, we 

quantified the proportion of surface-labeled aiRBCs and giRBCs, the fluorescence intensity 

of surface labeling, and the average percentage of surface coverage among labeled cells by 

live microscopy (Fig. 5C, left). Whereas GEXP10 and GEXP07 showed high levels for all 

three measurements, other antibodies had high values for one or two parameters (Fig. 5C). 

The two candidates with major expression in asexual stages and minimal expression in 

gametocytes based on our proteomic clustering (PF3D7_0402000 and PF3D7_0532400) 

showed the lowest levels of giRBC surface staining by live microscopy. Last, 

immunofluorescence microscopy using fixed and permeabilized cells confirmed significant 

labeling at the iRBC periphery, as well as colabeling with the Maurer’s Cleft marker SBP1, 

for three of these candidates across asexual and immature gametocyte stages (Fig. 5D). 

Antibodies against all three candidates showed markedly weaker labeling in gametocytes 

compared to asexual parasites. Together, analysis of a subset of candidates using peptide 

antibodies validated our analysis pipeline and confirmed giRBC surface recognition of six 

antigens.

A subset of secreted parasite antigens shows minimal sequence diversity and elicits 
responses that are correlated with reduced gametocyte burden

To determine the extent of sequence polymorphisms among the antigens analyzed in this 

study, we measured signatures of selection in the encoding genes from clinical isolates 

collected from two patient populations in Senegal and Malawi (table S9). Analysis of 

nonsynonymous pairwise nucleotide diversity (πNS) demonstrated significantly elevated 

levels of genetic diversity in genes encoding secreted antigens compared to internal antigens 

across all stages [Mann-Whitney U test, P = 8 × 10−13 (Senegal) and P = 3.7 × 10−11 

(Malawi); Fig. 6A and fig. S7A]. Genes with Tajima’s D values above the genome-wide 

95th percentile (D > −0.343), indicating balancing selection, were also enriched in secreted 

relative to internal antigens [Fisher’s exact test, P = 0.0153 (Senegal) and P = 0.00660 

(Malawi); fig. S7B]. These data support the hypothesis that acquired immunity drives 

genetic diversity in genes encoding secreted P. falciparum blood stage antigens (both shared 

and gametocyte specific). We measured a positive correlation between immune responses 

against secreted antigens and the levels of πNS of the encoding genes [Pearson’s correlation, 

r = 0.221, P = 0.000141 (Senegal); r = 0.199, P = 0.000623 (Malawi)]. Levels of πNS were 

significantly increased at mean responses greater than 0.5 across secreted antigens, 

suggesting a threshold effect inducing positive selection through antibody-mediated 

immunity [Mann-Whitney U test, P = 0.0265 (Senegal) and P = 0.0441 (Malawi); Fig. 6A]. 

We also quantified genetic differentiation between the two geographically separated parasite 
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populations in Malawi and Senegal using the fixation index (FST). This analysis 

demonstrated that genes encoding secreted antigens show significantly higher FST indices 

(Mann-Whitney U test, P = 2.3 × 10−5) and that most of the genes had high corresponding 

indices (FST > 0.1) [Mann-Whitney U test, P = 2.3 × 10−5; Fig. 6B]. Among our 30 

candidate antigens, 9 showed minimal levels of nucleotide diversity across parasite 

populations in Malawi and Senegal (fig. S7C and table S9). Seven antigens, including 

GEXP07 and PTP5, show both minimal levels of nucleotide diversity across parasite 

populations and low levels of population divergence between populations (fig. S7C and table 

S9). Together, genetic analysis demonstrates that genes encoding secreted antigens show 

significantly higher signatures of selection compared to internal antigens, whereas a subset 

of eight candidate antigens show minimal levels of genetic diversity and may thus elicit 

strain-transcending immunity (Table 2).

It is currently unknown whether antibodies recognizing shared or gametocyte-specific 

surface antigens may inhibit giRBC binding/sequestration and/or increase phagocytosis 

efficiency by opsonization, as implicated in responses to PfEMP1 (18, 40, 41) and merozoite 

antigens (42, 43). To directly test this hypothesis, we opsonized iRBCs with the same 

Malawian plasma samples used for iRBC surface labeling and determined the level of iRBC 

phagocytosis by THP-1 cells (18). Significant levels of iRBC phagocytosis were detected 

(Fig. 6C), and the magnitude of surface reactivity was significantly correlated with induction 

of phagocytosis both for aiRBCs and giRBCs (Fig. 6D). Together, these data demonstrate 

the existence of functional antibodies targeting both aiRBCs and giRBCs and provide 

evidence for antibody-mediated clearance of giRBCs. In support of these functional assays, 

the intensity of recognition of shared secreted antigens by plasma samples from individuals 

in Cameroon, Burkina Faso, or the Gambia was overall negatively associated with the 

gametocyte fraction in these individuals (quantified by coefficients of regressing antigen 

response on logit-transformed gametocyte fraction). In contrast, normalized recognition of 

asexual antigens was overall negatively associated with asexual stage and gametocyte load 

(also quantified by regression coefficients and antigen response on log-transformed asexual/

gametocyte load), whereas normalized recognition of gametocyte-specific antigens did not 

show any negative association (Fig. 6E). Furthermore, the proportion of total parasites that 

were gametocytes was negatively associated with breadth of response to the 76 fragments 

representing the 31 candidate surface antigens on the peptide array [coefficient, −0.002 

(95% confidence interval, −0.004/−0.0004), P = 0.019]. Responses to a total of 12 candidate 

surface antigens, including three of our final candidates (Table 2), showed significant (P < 

0.05) negative correlation between immune response and both peripheral gametocyte and 

asexual stage load (Fig. 6F, fig. S8, and table S10). These data support the phagocytosis data 

and suggest that iRBC immunity may be able to simultaneously reduce total parasite burden 

and gametocyte burden.

DISCUSSION

In this study, we systematically addressed immune recognition of antigens on the surface of 

giRBCs and provide evidence for the identity of these proteins. Our combination of a flow 

cytometry assay using distinct gametocyte stages, immune profiling by protein microarray, 

three parallel methods of antigen discovery, and a functional assay to quantify antibody-
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mediated iRBC phagocytosis provides evidence for naturally acquired antibodies 

recognizing shared asexual/gametocyte and gametocyte-specific antigens on the surface of 

immature giRBCs.

Two previous studies reported immune recognition of mature giRBCs (12, 14) but did not 

specifically control for gametocyte activation. We regularly observed glycophorin-negative 

gametocyte populations where the giRBC membrane was lost because of activation or 

permeabilization. It is conceivable that earlier studies have similarly experienced a loss in 

RBC integrity and may thus have detected antibodies against gamete proteins, which are 

common in endemic populations (22), instead of mature giRBC responses. Less stringent 

methods of giRBC purification also could have hindered the detection of responses targeting 

the most immature stages. When we carefully prevented activation by using a compound that 

prevents gamete egress (44) and confirmed the intact RBC membrane by counterstains (the 

gamete surface antigen Pfs48/45 and the RBC surface antigen glycophorin C), we did not 

detect substantial recognition of stage V giRBCs. In addition, we observed strong reactivity 

to stage I/II gametocytes but negligible reactivity to stage V gametocytes in our highly 

synchronous TdTomato transgenic parasite line (45). Our data demonstrate that plasma from 

naturally exposed individuals strongly recognizes early stage I/II giRBCs and aiRBCs; most 

of the immunogenic giRBC antigens in our study are also expressed in asexual stage 

parasites. These observations have potential implications for our understanding of parasite 

biology. Asexual and early gametocyte stages of P. falciparum, Plasmodium vivax, and 

Plasmodium berghei are abundantly present in the bone marrow parenchyma (5, 7, 46, 47), 

suggesting environmental characteristics supporting both gametocyte development and a 

genuine asexual replication cycle. An independent study recently confirmed that both bone 

marrow and spleen represent major reservoirs for parasite development in rodent malaria 

(48). We hypothesize that shared antigens present on aiRBC and giRBC surfaces are 

involved in cellular interactions in the bone marrow parenchyma and are critical for the 

maturation of both asexual and gametocyte stages. In such a model, the aiRBC surface 

serves the dual purpose of vascular adherence and extravascular binding, whereas the giRBC 

surface is optimized for extravascular binding only. Recent work demonstrated trypsin-

sensitive binding of aiRBCs and immature, but not mature, giRBCs to human bone marrow 

mesenchymal stromal cells (49). Two antigens we identified on the giRBC and aiRBC 

surface, GEXP07 and GEXP10, were recently described as aiRBC surface proteins that bind 

the chemokine CX3CL1 (37). Because expression of this chemokine on bone marrow 

stromal cells is involved in homing and retention of monocytes (50), it is tempting to 

speculate that GEXP07 and GEXP10 are involved in such interactions between iRBCs and 

other cell types. It remains to be determined why human IgG levels recognizing giRBC 

antigens are generally lower compared to aiRBCs and why recognition is restricted to young 

gametocyte stages despite their continued presence in the extravascular niche until maturity. 

Although we only examined stages I/II, III, and V gametocytes and not the intermediate 

stage IV, our data suggest reduced antigen expression on the giRBC surface over the course 

of gametocyte development, the mechanism of which could include a combination of 

membrane remodeling, protease activity, or release via extracellular vesicles. As the 

molecular mechanisms of the bone marrow sequestration process become further elucidated, 
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the ability and function of natural antibodies to access this compartment in meaningful 

concentrations and effectively target parasites in this niche are likely to also be revealed.

Our data reveal a positive correlation between antibody-mediated immunity and genetic 

diversity in secreted parasite antigens. Nevertheless, we identified a small set of 

immunogenic candidate antigens with minimal genetic diversity within and between 

populations, suggesting that they may induce strain-transcendent immunity. Our plasma 

samples were from cross-sectional surveys in asymptomatic populations. Although this 

makes it unlikely that inflammation or acute disease have influenced the results, our 

sampling approach means that we were lacking details on gametocyte commitment and 

maturation and were thus unable to test causality between antibody responses and parasite 

and gametocyte dynamics. We observed that the proportion of the total parasite biomass that 

is gametocyte [indicating what fraction of parasites successfully develops into circulating 

mature gametocytes (51)], was reduced in infections of individuals who responded to 

peptides mapping to shared asexual/gametocyte antigens. The negative associations between 

responses to asexual secreted antigens and asexual parasite load suggest a specific role for 

these proteins in reducing asexual parasite burden, in addition to the established contribution 

of anti-PfEMP1 antibodies (18, 19). A total of 12 candidate antigens, including 3 of our 8 

top candidates with low sequence diversity, showed negative correlations between antibody 

titer and both asexual and gametocyte load, suggesting an association with reduced parasite 

growth and gametocyte maturation or clearance. This possible phenotype of the detected 

antibody responses is supported by our finding that plasma samples with increased aiRBC 

and giRBC surface recognition demonstrate increased phagocytosis of aiRBCs and giRBCs 

by THP-1 cells. This phenotype and the identification of a small set of target immunogenic 

antigens present on the giRBC surface with low sequence diversity provide a rationale for a 

novel transmission blocking vaccine strategy that may interfere with gametocyte maturation. 

Such a vaccine approach would reduce the number of gametocytes in the circulation and 

hence transmission potential.

Together, we provide compelling evidence for natural immune responses targeting young 

gametocytes and their antibody-mediated immune clearance. We identify a small set of eight 

candidate antigens that are (i) expressed in gametocytes (seven of them are also expressed in 

asexual stages), (ii) elicit natural antibody responses, and (iii) display low sequence 

diversity.

MATERIALS AND METHODS

Study design

For the Malawi study, samples were collected over 4 weeks from July to August 2013. Two 

weeks were spent in Chikhwawa because this region had higher malaria transmission during 

this time of year, and 1 week each was spent in Ndirande and Thyolo. All individuals 

receiving an RDT at the clinic were referred to our study, and samples were taken from all of 

those individuals who consented to the study. The end of data collection was not determined 

by any factor other than the end of the defined sample collection period. Samples from two 

individuals who withdrew their consent after participation were discarded; all other samples 

were shipped to the United States for further experiments. We aimed to detect natural 
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antibody responses among the study participants that recognize giRBCs and then to 

determine the targets of these antibody responses. To examine antibody binding to the 

giRBC surface, we used a surface reactivity flow cytometry assay, immunofluorescence 

microscopy, and a protein array enriched for proteins expressed during gametocyte stages. In 

these experiments, samples were identified only by number and patient age, and 

corresponding clinical data were unblinded only after experiments finished. Three technical 

replicates were used for all samples, and two biological replicates were performed for a 

subset of samples. In cases where the result from one technical replicate was of a different 

magnitude than the other two replicates, this value was removed. To determine the identity 

of antigens targeted by the identified antibodies, we used mass spectrometry and 

immunization of mice with giRBC membranes, each using three biological replicates for 

preparation of giRBC membranes. Surface expression of candidate antigens was validated 

by Western blot, flow cytometry, and immunofluorescence microscopy. Functional activity 

was assessed using a THP-1 cell phagocytosis assay. Sequence diversity was assessed using 

standard methods (nonsynonymous pairwise nucleotide diversity, balancing selection 

measured by Tajima’s D, and genetic differentiation measured by the fixation index).

Statistical analysis

The appropriate statistical test for each experiment was determined on the basis of the type 

of data being compared. False discovery rate corrections were performed for all analyses 

involving multiple comparisons, and P values of <0.05 were considered significant. Simple 

univariate linear regressions were performed for examining the correlation between levels of 

IgG responses against individual fragments on the protein array and covariates including 

(ordinally categorized) age, burden, and iRBC recognition by flow cytometry. P values 

across fragments were corrected with the Bonferroni method. Pairwise, two-sided Student’s 

t tests were used to test for difference in mean IgG response against proteins across stages. 

Linear regressions were used to test for associations between IgG response against 

fragments and parasite load, gametocyte load, and gametocyte fraction, with adjustment for 

age by including age groups as covariates. The regression t statistics (estimated 

coefficients/SE) of internal and secreted protein fragments are compared by two-sided 

Mann-Whitney U test. The association of gametocyte fraction and breadth of response 

(number of proteins seropositive) was conducted on gametocyte positive individuals for 

whom asexual and gametocyte stages had been quantified. Analysis on breadth and fraction 

on continuous scales was performed with linear regression, adjusting for gametocyte density. 

Analysis with breadth as a binary variable was performed with logistic regression, adjusting 

for gametocyte density. Throughout the manuscript, significant P values are reported either 

as is or with the corresponding α level (all, P < 0.05).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Human plasma samples recognize secreted asexual (aiRBC) and gametocyte (giRBC) 
surface antigens.
(A) Heatmap of 344 P. falciparum antigens from 3D7 genome (PlasmoDB release 31) 

clustering proteins on the array by timing of protein expression (log read counts of number 

of peptides sequences). Additional annotations are indicated by color bars at the top of the 

heatmap: The first row indicates cluster stage annotation from (52) (orange, gametocyte 

rings; red, immature gametocytes; blue, mature gametocytes; gray, others), and the second 

row indicates cellular localization (black, secreted; white, internal/unknown). Vertical red 

lines separate stage-specific clusters. Black boxes highlight five clusters of shared or 

gametocyte-specific secreted antigens. (B) Distribution of 528 P. falciparum protein 

fragments on the peptide array [developed in (22)] by stage and location. The proteins were 

selected on the basis of expression during gametocyte stages and predicted export (details in 

table S2). (C) Mean responses across three malaria-exposed populations are quantified by 

peptide array (after normalization to controls and quantile normalization), stage of protein 

expression, and whether they are secreted or not (see table S1). GAM, gametocyte; 

GAM/MO, gametocyte/mosquito stages; MO, mosquito stages; A, asexual stages; SA, 

shared antigens.
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Fig. 2. Immune responses target the immature but not the mature giRBC surface.
(A and B) Results from a pilot flow cytometry study testing reactivity of 24 Malawian 

plasma samples (22 from Chikhwawa, a high-transmission region, and 2 from Ndirande, a 

low-transmission region) and 5 naïve controls against stage II/III and stage V gametocytes 

and gametes. Positive surface reactivity (>3 SDs above mean of naïve controls) is shown 

both as percentage of significantly positive samples of all those tested (A) and percentage of 

positive cells among those incubated with an individual plasma sample (B). (C) Schematic 

for gating strategy of giRBC surface detection in 244 Malawian plasma samples by flow 

cytometry. IgG positivity is determined using the Pf2004_164/TdTom line that allows 
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selection of the parasite population (positive for DNA dye) and TdTomato (positive for 

gametocytes). Top: Cells are first gated for live cells and single cells by forward and side 

scatter (FSC) (left). After debris is gated out, quadrant gates separate gametocytes (Violet+/

TdTomato+), asexual/lysed cells/debris (Violet+/TdTomato−), and uninfected cells (right). 

Bottom: Alexa Fluor 488 surface fluorescence (human IgG secondary antibody conjugates) 

is compared between uninfected cells and gametocytes (left) and between infected cells 

incubated with naïve controls and Malawian plasma samples (right). Technical replicates are 

shown as individual lines. (D and E) Positive recognition of aiRBCs and stage II/III giRBCs 

(determined by t tests comparing Malawi samples to naïve U.S. controls using the Holm-

Sidak method with α = 0.05) by 244 Malawian plasma samples is shown as prevalence (D) 

and as significant fold change in Alexa Fluor 488 median fluorescence compared to naïve 

controls (E). The threshold for specific positive reactivity was set to 1.1 based on the highest 

level of nonspecific reactivity (i.e., reactivity to aiRBCs of human plasma significantly 

positive for stage II/III giRBC but negative for aiRBC). (F) Correlation of human plasma 

recognizing aiRBCs (top) and giRBCs (bottom) by flow cytometry with age. MFI, median 

fluorescence intensity. (G) Correlation of antigen responses by peptide array versus surface 

recognition by flow cytometry. For the same set of Malawi plasma samples, normalized 

peptide array signal intensities were averaged across all shared stage antigens (top) or 

gametocyte-specific antigens (bottom). These mean responses were correlated with giRBC 

recognition by flow cytometry as measured by median fluorescence (Alexa Fluor 488) fold 

change compared to naïve controls. Overall, mean responses of shared secreted antigens are 

significantly correlated with giRBC recognition (P = 0.004), whereas the other correlations 

are nonsignificant. **P < 0.01, ***P < 0.001, and ****P < 0.0001.

Dantzler et al. Page 21

Sci Transl Med. Author manuscript; available in PMC 2019 July 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. Human IgG selectively recognizes the early (stage I/II) giRBC surface.
(A) Stage-specific expression of the TdTomato (TdTom) reporter in transgenic Pf2004_164/

TdTom parasites by flow cytometry. Reporter expression is shown by fluorescence intensity 

in a time course across stages I to III gametocytes. (B) The Violet+/TdTomato+ gametocyte 

population detected by flow cytometry can be separated into weak TdTomato+ (stage I/II 

gametocytes) and strong TdTomato+ (stage II/III) subgroups. (C) Correlation between 

TdTomato signal and human IgG based on flow cytometry data (Pearson’s correlation, P < 

0.0001). (D) Fluorescence microscopy analysis using the same antibody and reporter 

combination as above. DAPI, 4′,6-diamidino-2-phenylindole. Left: Surface labeling is 

present on both asexual parasites (arrows) and early gametocytes (arrowheads). Right: High-

content image quantification of fluorescence microscopy data based on proportion of the cell 

surface that is labeled (top) and stratified by intensity (bottom).
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Fig. 4. Immunogenic gametocyte antigens identified by three complementary approaches.
(A) Surface-depleted versus surface-intact uninfected and infected RBC membranes were 

probed with Malawian plasma samples and naïve U.S. sera by Western blot. Each lane 

represents protein extract from 2.5 × 106 uninfected RBCs (uRBCs) or iRBCs. Differential 

band patterns between the +trypsin and −trypsin samples are marked with red arrows. (B) 

Volcano plot showing human and Plasmodium proteins identified by comparing surface-

intact versus surface-depleted giRBC membranes. The x axis represents log2 fold change of 

−trypsin/+trypsin, and the y axis shows the t test P value (P < 0.05 corresponds to P = 

0.0004 after Benjamin-Hochberg correction) of −trypsin/+trypsin biological replicates (n = 
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3). Plasmodium proteins with a log2 fold change of >1.25 are marked in red, and significant 

Plasmodium proteins across three replicates are marked in blue. (C) Surface-depleted 

(+trypsin/chymotrypsin) versus surface intact (−trypsin/chymotrypsin) uRBC and giRBC 

membranes were probed with sera from mice (six per group) immunized with surface-intact 

or surface-depleted giRBCs by Western blot. Each lane represents protein extract from 2.5 × 

106 uRBCs or iRBCs. Differential band patterns between the trypsin(+) and trypsin(−) 

giRBC samples are shown in red. (D) The array described in Fig. 1 was probed with sera 

from mice immunized with either surface-depleted or surface-intact giRBC membranes. 

Responses were normalized to controls and then quantile normalized. (E) PTP6 and 

GEXP21 differential responses between sera from mice immunized with surface-intact 

(−trypsin) giRBC membranes and surface-depleted (+trypsin) giRBC membranes. (F) 

GEXP07 and GEXP10 differential responses from sera from mice immunized with intact 

and surface-depleted membranes. See table S7 for complete dataset.
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Fig. 5. Six candidate antigens expressed during gametocyte stages are validated on the giRBC 
surface.
Previously published GEXP07 and GEXP10 antibodies (37) target the putative extracellular 

loops of these proteins and will be referred to as “GEXP07 EL” and “GEXP10 EL” to 

distinguish from our newly produced peptide antibodies targeting the same proteins. (A) 

Magnetic-activated cell sorter (MACS)–purified aiRBC or giRBC membranes (+/− 

pretreatment with trypsin and chymotrypsin, hereafter referred to as +/− trypsin) are probed 

with polyclonal antibodies targeting candidate antigens by Western blot (see full blots in fig 

S6). Antibodies against glycophorin C (trypsin-sensitive, surface expressed) and β-spectrin 

(trypsin resistant, internally localized) are included as controls. Each lane represents protein 
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extract from 2.5 × 106 iRBCs. (B) Reactivity of candidate antibodies to surface of MACS-

purified Pf2004_164/TdTom iRBCs (+/− trypsin/chymotrypsin) was detected by live 

microscopy (left) and flow cytometry (right) using the same sample preparations in parallel. 

For live microscopy, the percentage of surface-labeled aiRBCs or stage I giRBCs (weak 

TdTomato+) is shown for all antibodies tested. No asexual samples were tested for GEXP02 

and PF3D7_0402000. For flow cytometry, cells were gated for live cells, single cells, and 

then uRBCs, and giRBCs were gated on the basis of Vybrant violet and TdTomato 

fluorescence and surface reactivity measured using Alexa Fluor 488–conjugated secondary 

antibody. The TdTomato+ population was further split into “weak TdTomato+” 

(corresponding to earlier gametocytes) and “strong TdTomato+” (corresponding to later 

gametocytes) populations. (C) Antibodies were clustered (automatic independent clustering) 

on the basis of the imaging parameters shown in the heatmap: percentage of labeled giRBCs, 

average MFI at the giRBC cell surface, % giRBC surface covered, and ratio of MFI at the 

surface of −trypsin samples compared to +trypsin. Glycophorin C is included as a control. 

Live representative images of early giRBCs +/− trypsin treatment are shown for GEXP07 

and GEXP10. (D) Immunofluorescence analysis of the localization of GEXP02, GEXP10, 

and PF3D7_0936800 (detected with antipeptide antibodies) in fixed, permeabilized aiRBCs 

and giRBCs (days 2 and 4 of the induction, corresponding to stages I to IIA and IIA to IIB, 

respectively). Candidate protein is shown in green, SBP1 in magenta, TdTomato in red, and 

nuclear staining in blue. BF, brightfield.
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Fig. 6. Candidate gametocyte surface antigens elicit responses correlated with reduced 
gametocyte burden and a subset show minimal genetic diversity.
(A) Nonsynonymous nucleotide diversity for all antigens present on the protein array, 

stratified by stage, localization, and level of immune response (Mann-Whitney U test, P < 

0.05). Genome data are from a set of parasite samples in Senegal. (B) Population 

differentiation between Senegal and Malawi parasite samples for secreted and internal 

proteins (FST at nonsynonymous sites; Mann-Whitney U test, P = 2.0 × 10−5). The dotted 

and dashed lines mark the 99th and 95th percentile of genome-wide nonsynonymous FST 

values. (C) Left: Internalized aiRBCs and giRBCs upon phagocytosis by THP-1 cells. 
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aiRBCs are stained with the nuclear dye dihydroethidium (DHE) and giRBCs show 

TdTomato (TdTom) reporter fluorescence. Right: Phagocytosis index of Malawi plasma 

samples relative to positive control (rabbit antihuman RBC) and naïve U.S. serum. (D) iRBC 

phagocytosis versus surface recognition. (E) Associations were estimated between 

gametocyte fraction (gametocytes/total parasites), gametocyte and asexual parasite load, and 

secreted antigen fragment responses by peptide array [after normalization to in vitro 

transcription-translation (IVTT) controls and quantile normalization as in Fig. 1] across 

three malaria-exposed populations. Median standardized regression coefficient, −0.86; 

Wilcoxon test, P = 0.087. (F) Regression coefficients (and 95% confidence intervals) 

between individual protein fragments of the prioritized candidate antigens and parasite 

parameters (gametocyte fraction, gametocyte load, or asexual parasite load). Fragments are 

stratified by their correlation with parasite parameters. *P < 0.05, **P < 0.01, and ****P < 

0.0001.
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