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Low Levels of Human Antibodies to Gametocyte-Infected Erythrocytes Contrasts the PfEMP1-Dominant Response to Asexual Stages in P. falciparum Malaria









	
	ORIGINAL RESEARCH
published: 14 January 2019
doi: 10.3389/fimmu.2018.03126





[image: image2]

Low Levels of Human Antibodies to Gametocyte-Infected Erythrocytes Contrasts the PfEMP1-Dominant Response to Asexual Stages in P. falciparum Malaria

Jo-Anne Chan1, Damien R. Drew1, Linda Reiling1, Ashley Lisboa-Pinto1, Bismarck Dinko2, Colin J. Sutherland3, Arlene E. Dent4, Kiprotich Chelimo5, James W. Kazura4, Michelle J. Boyle1 and James G. Beeson1,6,7*


1Burnet Institute for Medical Research and Public Health, Melbourne, VIC, Australia

2Department of Biomedical Sciences, School of Basic and Biomedical Sciences, University of Health and Allied Sciences, Ho, Ghana

3Department of Immunology and Infection, London School of Hygiene and Tropical Medicine, London, United Kingdom

4Center for Global Health and Diseases, Case Western Reserve University, Cleveland, OH, United States

5Department of Biomedical Science and Technology, Maseno University, Kisumu, Kenya

6Department of Medicine, University of Melbourne, Parkville, VIC, Australia

7Department of Microbiology and Central Clinical School, Monash University, Melbourne, VIC, Australia

Edited by:
Noah Butler, The University of Iowa, United States

Reviewed by:
Olivier Silvie, Institut National de la Santé et de la Recherche Médicale (INSERM), France
 Jenna Guthmiller, University of Chicago, United States
 Britta Christina Urban, Liverpool School of Tropical Medicine, United Kingdom

*Correspondence: James G. Beeson, beeson@burnet.edu.au

Specialty section: This article was submitted to Vaccines and Molecular Therapeutics, a section of the journal Frontiers in Immunology

Received: 02 November 2018
 Accepted: 18 December 2018
 Published: 14 January 2019

Citation: Chan J-A, Drew DR, Reiling L, Lisboa-Pinto A, Dinko B, Sutherland CJ, Dent AE, Chelimo K, Kazura JW, Boyle MJ and Beeson JG (2019) Low Levels of Human Antibodies to Gametocyte-Infected Erythrocytes Contrasts the PfEMP1-Dominant Response to Asexual Stages in P. falciparum Malaria. Front. Immunol. 9:3126. doi: 10.3389/fimmu.2018.03126



Vaccines that target Plasmodium falciparum gametocytes have the potential to reduce malaria transmission and are thus attractive targets for malaria control. However, very little is known about human immune responses to gametocytes present in human hosts. We evaluated naturally-acquired antibodies to gametocyte-infected erythrocytes (gametocyte-IEs) of different developmental stages compared to other asexual parasite stages among naturally-exposed Kenyan residents. We found that acquired antibodies strongly recognized the surface of mature asexual-IEs, but there was limited reactivity to the surface of gametocyte-IEs of different stages. We used genetically-modified P. falciparum with suppressed expression of PfEMP1, the major surface antigen of asexual-stage IEs, to demonstrate that PfEMP1 is a dominant target of antibodies to asexual-IEs, in contrast to gametocyte-IEs. Antibody reactivity to gametocyte-IEs was similar to asexual-IEs lacking PfEMP1. Significant antibody reactivity to the surface of gametocytes was observed when outside of the host erythrocyte, including recognition of the major gametocyte antigen, Pfs230. This indicates that there is a deficiency of acquired antibodies to gametocyte-IEs despite the acquisition of antibodies to gametocyte antigens and asexual IEs. Our findings suggest that the acquisition of substantial immunity to the surface of gametocyte-IEs is limited, which may facilitate immune evasion to enable malaria transmission even in the face of substantial host immunity to malaria. Further studies are needed to understand the basis for the limited acquisition of antibodies to gametocytes and whether vaccine strategies can generate substantial immunity.
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INTRODUCTION

Strategies to develop highly effective vaccines against malaria remain a high priority. In particular, the development of vaccines that interrupt malaria transmission, known as transmission-blocking vaccines, is currently recognized as a key goal to sustain long-term malaria elimination (1). As such, there is a renewed interest in gametocytes, the sexual, transmissible stages of Plasmodium falciparum, which involves distinct parasite forms that establish infection in the mosquito vector. Currently, the advancement of transmission-blocking vaccines is hampered because very little is known about immune responses to sexual-stage antigens.

The sexual cycle of P. falciparum begins when immature asexual blood-stage parasites undergo commitment to produce gametocytes. The early gametocyte-IE stages (I–IV) are sequestered and develop within organs such as the spleen and bone marrow (2–4). Upon maturity to stage V, gametocyte-IEs are released into the peripheral circulation and taken up by feeding mosquitoes. During asexual development, P. falciparum remodels the host erythrocyte through the expression of knobs on the IE surface, which present the major surface antigen PfEMP1 (5). Specific interactions between PfEMP1 and host endothelial receptors enable the vascular sequestration of asexual parasites in various microvascular beds [reviewed in (6)]. However, knobs are absent from the surface of gametocyte-IEs (7), and PfEMP1 has not been detected on the surface of gametocyte-IEs, suggesting that gametocyte commitment is accompanied by the silencing of var genes (7). Other antigens have been identified on the surface of asexual IEs (including RIFIN, STEVOR, and SURFIN), with some evidence they are expressed by gametocyte-IEs (8).

Antibodies against circulating gametocytes have the potential to reduce malaria transmission efficiency by mediating parasite clearance within the human host or inhibiting further development of exflaggelated gametocytes within the mosquito midgut [reviewed in (9)]. However, knowledge of human antibodies against gametocyte-IEs is currently very limited [reviewed in (9)]. One study reported naturally-acquired antibodies recognized the surface of immature gametocyte-IEs (10). In contrast, other studies reported a lack of antibodies to immature stages, but some antibodies to mature stage V gametocyte-IEs (11–13). The target of these antibodies is unknown. In contrast, antibodies to gametocyte surface antigens, such as Pfs230 and Pfs48/45, are acquired relatively quickly and increase with cumulative exposure (14–18). As malaria transmission may still occur despite substantial acquired immunity to asexual parasites, it is likely that gametocyte-IEs do not share the surface antigens that elicit this immunity.

In order to address knowledge gaps in understanding human transmission-blocking immunity, we quantified antibodies to gametocyte-IEs compared to asexual IEs, and investigated the potential basis for differences in antibody reactivity to different developmental stages.

MATERIALS AND METHODS

A detailed description of methods is included in Supplementary Materials.

Study Population and Ethics Statement

Plasma were collected at two study sites in Kenya (Kanyawegi and Chulaimbo) from individuals aged 0.5–79 years, as described (19, 20).

Ethics approval was obtained from Alfred Hospital Human Research and Ethics Committee, Australia, Institutional Review Board for Human Investigation at University Hospitals of Cleveland for Case Western Reserve University, USA and the Ethical Review Committee at the Kenya Medical Research Institute. Written informed consent was obtained from all study participants or their parents or legal guardians.

P. falciparum Culture and Gametocyte Isolation

P. falciparum was maintained in continuous culture and synchronized as described (21). Isolates 3D7vpkd and 3D7-SBP1KO, with inhibited PfEMP1 surface expression, were generated as previously described (21, 22). Gametocytes were generated according to established protocols (11, 12), with the modification of using heparin (100 ng/mL) throughout gametocyte development to inhibit asexual replication (23).

Measuring Antibodies to the IE Surface

Measuring IgG binding to the IE surface was performed by flow cytometry as previously described (21). IgG levels are expressed as the geometric mean fluorescence intensity (MFI; arbitrary units).

Antibodies to Recombinant Proteins

We expressed a modified form of recombinant Pfs230D1H (24), a truncated form of Pfs230 containing the first 6-cys domain of Pfs230 (termed Pfs230D1M) expressed in the mammalian HEK293 cells. IgG binding to recombinant Pfs230D1M was measured using standard ELISA methods (25).

Immunofluorescence Microscopy

Imaging of thin blood smears of stage V 3D7 gametocyte-IEs was performed as previously described (21) and processed using Photoshop CS6 (Adobe).

Statistical Analyses

Non-parametric analytical methods were used to evaluate antibody results. Differences in antibody levels between trophozoite-IEs and gametocyte-IEs were assessed using a paired Wilcoxon signed rank test. Statistical analyses were performed using Prism version 7 (GraphPad Software Inc).

RESULTS

Naturally-Acquired Human Antibodies to Gametocyte-IEs Are Markedly Lower Than to Asexual Trophozoite-IEs

We conducted a time-course assay based on the different developmental stages of gametocytes to assessed naturally-acquired antibodies. Thin blood smears were prepared and visualized by Giemsa staining to confirm the gametocyte stages (Figure 1A). We measured the level of human antibodies to the surface of stages II-V gametocyte-IEs by an established flow cytometry-based assay (21) in malaria-exposed individuals residing in Kenya (n = 21; children n = 11 and adults n = 10), compared to antibody binding to mature pigmented asexual trophozoite-IEs. There were noticeably low levels of antibody reactivity to the surface of gametocyte-IEs across all developmental stages (Figure 1B, Figure S1). Further, there was no significant difference in antibody levels observed between children and adults across different developmental gametocyte-IE stages (Figure S1F). In contrast, using the same selection of plasma samples (n = 21; children n = 11 and adults n = 10), high antibody reactivity was measured against surface antigens of trophozoite-IEs (Figure 1B, Figure S1). We confirmed our findings by measuring antibodies to stage V gametocyte-IEs in a second cohort of malaria-exposed Kenyan adults (n = 20; Figure S2). Similarly, all individuals had markedly lower antibody levels to stage V gametocyte-IEs compared to trophozoite-IEs (Figures S2A,B). Furthermore, increasing the plasma concentration from both human cohorts (1:2 dilution) used in assays did not substantially increase reactivity (Figures S2C,D). Our findings show that antibodies induced during natural malaria exposure have little reactivity to the surface of gametocyte-IEs across all stages.
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FIGURE 1. Low levels of naturally-acquired antibodies to the surface of gametocyte-IEs. (A) Giemsa-stained smears confirm the respective gametocyte-IE stages. (B) Total IgG binding to the surface of trophozoite-IEs and gametocyte-IEs was measured at stages II–V of gametocyte development. Samples were from malaria-exposed Kenyan individuals (children n = 11 and adults n = 10). The dotted line represents the antibody positivity threshold (MFI levels greater than mean + 3SD of non-exposed Melbourne controls). IgG binding levels are expressed as geometric mean fluorescence intensity (MFI) for all graphs; assays were performed thrice independently, with samples measured in duplicate (n = 21); bars represent mean and standard deviation. (C) A representative selection of plasma samples tested for antibodies to trophozoite-IEs and gametocyte-IEs. 3D7vpkd and 3D7-SBP1KO are transgenic parasite lines with inhibited PfEMP1 surface expression through the suppression of endogenous var genes (var promoter “knock-down”; vpkd) (21, 26) or genetic deletion of the PfEMP1 trafficking protein (skeleton-binding protein 1 “knock-out”; SBP1KO) (22, 27, 28); these were used at the asexual mature trophozoite stage. Samples were from malaria-exposed Kenyan individuals (CX; children n = 11 and adults n = 10) and non-exposed Melbourne residents (Control). IgG binding to gametocyte-IEs was substantially lower in all individuals compared to IgG binding to trophozoite-IEs. There was minimal background reactivity observed among sera from Melbourne residents; the dotted line represents the antibody positivity threshold. Assays were performed thrice independently; bars represent mean and range of samples tested in duplicate. (D) IgG binding to the surface of stage V 3D7 gametocyte-IEs was substantially lower compared to trophozoite-IEs of 3D7 parental and 3D7vpkd. The difference in IgG binding between gametocyte-IEs and trophozoite-IEs of 3D7 SBP1KO was minimal in our sample set. The dotted line represents the antibody positivity threshold (MFI levels greater than mean + 3SD of non-exposed Melbourne controls). Assays were performed thrice independently; bars represent median and interquartile ranges of samples tested in duplicate (n = 21; children n = 11 and adults n = 10); p-values were calculated using a paired Wilcoxon signed rank test.



PfEMP1-Dominant Antibody Response in Asexual Trophozoite-IEs Contrasts the Low Response to Stage V Gametocyte-IEs

We hypothesized that the high reactivity to trophozoite-IEs, compared to gametocyte-IEs may be explained by antibodies targeting PfEMP1. Using genetically-modified P. falciparum with suppressed PfEMP1 expression, we found that PfEMP1 was a dominant target of naturally-acquired antibodies to the surface of asexual trophozoite-IEs (Figures 1C,D, Figure S3A) using the same selection of plasma samples from Kenyan children and adults (n = 21; children n = 11 and adults n = 10). This is consistent with our previous reports (21, 22). This was demonstrated by the greatly reduced reactivity of antibodies to 3D7vpkd and 3D7-SBP1KO IEs compared to 3D7 parental IEs. To better understand the magnitude of antibody responses to gametocyte-IEs, we compared antibodies to stage V gametocyte-IEs with asexual trophozoite-IEs that have reduced PfEMP1 expression (using 3D7vpkd and 3D7-SBP1KO). The level of antibodies to stage V gametocyte-IEs were substantially lower compared to trophozoite-IEs from 3D7 parental (71.1% lower; Figures 1C,D; p < 0.0001) and 3D7vpkd (55.9% lower; p < 0.0001). There was minimal difference in antibody levels to stage V gametocyte-IEs and 3D7-SBP1KO (p = 0.02). Prior studies suggested that there is still low levels of PfEMP1 expression on the surface of 3D7vpkd IEs (21, 22), which may explain the higher antibody reactivity to 3D7vpkd compared to 3D7-SBP1KO and gametocyte-IEs. These findings suggested that the lack of PfEMP1 on gametocyte-IEs is likely to be a major reason for the low reactivity of antibodies compared to trophozoite-IEs.

Gametocytes Without the IE Membrane Are Recognized by Acquired Human Antibodies

We quantified the level of naturally-acquired antibodies to surface antigens expressed on the gametocyte plasma membrane. The IE membrane was removed by saponin treatment, and thin blood smears with Giemsa staining was used to confirm that gametocytes remained intact post-saponin treatment (Figure 2A). The level of antibodies to 3D7 stage V gametocytes and gametocyte-IEs was measured in a subset of Kenyan individuals (n = 5 from samples tested in Figure 1; children n = 3 and adults n = 2). High levels of antibodies were observed to 3D7 gametocytes, but not 3D7 gametocyte-IEs (Figures 2B,C, Figure S3B; reactivity 92.3% higher; p = 0.06).
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FIGURE 2. Antibodies recognize the surface of gametocytes in contrast to gametocyte-IEs. (A) Giemsa smears of gametocytes (without the erythrocyte membrane) and intact gametocyte-IEs that were used in antibody assays. (B) IgG binding to 3D7 gametocytes (without the erythrocyte membrane) was markedly higher compared to intact gametocyte-IEs. Assays were performed thrice independently; bars represent median and interquartile ranges of samples tested in duplicates (n = 5; children n = 3, adults n = 2); p-value was calculated using a paired Wilcoxon signed rank test. The dotted line represents the antibody positivity threshold (MFI levels greater than mean + 3SD of non-exposed Melbourne controls). (C) A representative selection of plasma samples tested for antibodies to 3D7 gametocytes and intact gametocyte-IEs. Samples were from malaria-exposed Kenyan individuals (CX; children n = 3, adults n = 2), and non-exposed Melbourne residents (Control). IgG binding to 3D7 gametocytes was substantially higher in all individuals compared to IgG binding to intact gametocyte-IEs. There was minimal background reactivity observed among sera from Melbourne residents; the dotted line represents the antibody positivity threshold. Assays were performed thrice independently; bars represent mean and range of samples tested in duplicate. (D) A representative selection of plasma samples were tested for total IgG binding to recombinant Pfs230D1M. The same selection of samples measured by flow cytometry (n = 21; children n = 11 and adults n = 10) was used. Antibody levels are expressed in optical density (OD) measured at 450 nm. Assays were performed twice; bars represent mean and range of samples tested in duplicate (n = 21); the dotted line represents the antibody positivity threshold. (E) There was a strong positive (non-significant) correlation between total IgG binding measured by flow cytometry (MFI) to 3D7 gametocytes and by ELISA (OD450 nm) to recombinant Pfs230D1M. Correlations were evaluated using Spearman's rho (r). (F) Immunofluorescence microscopy demonstrates the recognition of the native gametocyte surface by a Pfs230-specific antibody (green). Cells were fixed with 90% acetone and 10% methanol, and DAPI was used to stain nuclear DNA (blue). Representative images are shown.



To further assess antibodies to gametocytes, we measured antibodies to recombinant Pfs230, a major gametocyte surface antigen and vaccine candidate (24). We measured IgG reactivity in the same selection of Kenyan individuals used in assays of trophozoite-IEs and gametocyte-IEs (n = 21 from Figure 1; children n = 11 and adults n = 10). The majority of individuals (80.9%) were positive for antibodies to Pfs230D1M (Figure 2D; Figure S4) and there was a positive correlation between IgG binding to Pfs230D1M and to whole gametocytes (rs = 0.9; Figure 2E). Further, immunofluorescence microscopy demonstrated that anti-Pfs230 rabbit antibody labeled native Pfs230 expressed on the surface of stage V gametocytes (Figure 2F). Together, these findings suggest that individuals do acquire antibodies to sexual stage parasites, but there is very limited acquisition of antibodies target antigens on the gametocyte-IE surface.

DISCUSSION

There was limited acquisition of antibodies to antigens on the surface of gametocyte-IEs, despite study subjects having high levels of antibodies to asexual trophozoite-IEs, as well as substantial antibody reactivity to the major gametocyte antigen, Pfs230. This finding was observed throughout different stages of gametocyte development. Our findings suggested that the lack of PfEMP1 on gametocyte-IEs may be a key explanation for the low antibody reactivity that contrasts the high reactivity to trophozoite-IEs. We demonstrated that the antibody response to asexual trophozoite-IEs is PfEMP1-dominant, with low levels of antibodies measured to genetically-modified trophozoite-IEs with suppressed PfEMP1 expression. Furthermore, antibody levels to gametocyte-IEs were comparable to trophozoite-IEs that largely lack PfEMP1. Interestingly, when the IE membrane was removed from stage V gametocytes, acquired antibodies had good reactivity to the gametocyte plasma membrane, indicating that the limited antibody reactivity to gametocyte-IEs was specific to IE surface antigens. Limited antibody acquisition to gametocyte-IEs may be an immune evasion strategy to enable malaria transmission to occur in the face of developing immunity (11, 15, 29, 30). The low or absent expression of PfEMP1 on gametocytes (8) may facilitate this immune evasion given that PfEMP1 is a dominant target of acquired immunity during blood-stage infection (6, 21, 22).

Naturally-acquired antibodies to trophozoite-IEs predominantly target PfEMP1 (21, 22), presented on the IE surface by knob structures (5). However, electron microscopy studies showed that gametocyte-IEs of all stages do not modify the IE surface with knobs, consistent with the absence of the essential knob component, KAHRP (7). Further, var gene transcription is downregulated at the onset of gametocyte differentiation, consistent with reports of the absence of detectable surface-exposed PfEMP1 in all stages of gametocyte-IEs (7). The lack of PfEMP1 expression on gametocyte-IEs likely explains the low antibody reactivity observed. As PfEMP1 is the main target of antibodies in asexual trophozoite-IEs, the downregulation of PfEMP1 in gametocyte-IEs may be an immune evasion mechanism to prevent clearance by antibodies. That gametocytes develop within erythrocytes, which lack MHC class-I, may further facilitate immune evasion. Furthermore, gametocyte development occurs predominantly in the bone marrow which may also be a factor influencing the acquisition of antibodies.

Interestingly, when the IE membrane was removed from the gametocytes, human antibodies recognized native antigens expressed on the gametocyte membrane itself, consistent with other reports on permeabilized gametocyte-IEs (13). Major gametocyte surface antigens include Pfs230 and Pfs48/45, which are targeted by human antibodies and associated with transmission-blocking activity through mosquito feeding assays [reviewed in (9)]. We found that the majority of samples tested in our study had high levels of IgG to recombinant Pfs230, suggesting that there was substantial acquisition of antibodies to gametocytes, but not gametocyte-IEs. Further, antibody levels measured to recombinant Pfs230 correlated with those against whole gametocytes.

Prior studies of gametocyte-IEs have reported some acquisition of antibodies mature stage V gametocyte-IEs (11, 12), although the prevalence of these antibodies was generally low. Differences in reactivity to stage V gametocyte-IEs between studies may relate to differences in sample populations and timing of sampling relative to infection episodes, including the presence of active gametocytemias. The focus of our study was to evaluate antibodies to gametocyte-IEs and understand the basis for the different reactivity between trophozoite-IEs and gametocyte-IEs. Future studies are needed to better understand antibodies to mature stage V gametocyte-IEs in different populations (age and geography) with different infection status and exposure history. It is possible that antibodies to gametocyte-IEs could be very short-lived, or antigens expressed could be transient in nature or weakly immunogenic, therefore requiring specific study designs to detect them. Our studies were limited to using the 3D7 P. falciparum isolate, and further work to evaluate antibodies to the surface of gametocyte-IEs of other isolates, especially recent clinical isolates, is warranted.

In conclusion, the limited acquisition of antibodies targeting gametocyte-IEs contrasts with the PfEMP1-dominant antibody response toward asexual trophozoite-IEs. Reactivity to gametocyte-IEs was comparable to the low antibody reactivity observed against trophozoite-IEs lacking PfEMP1. However, human antibodies were acquired against the surface of intact gametocytes and to Pfs230. The deficiency in acquired antibodies to gametocyte-IEs could be an important mechanism to avoid clearance by host immunity. Our findings provide new insights to address the major knowledge gaps in understanding immunity and malaria transmission, which will help inform the development of transmission-blocking vaccines.

ETHICS STATEMENT

This study was carried out in accordance with the recommendations of Alfred Hospital Human Research and Ethics Committee, Australia, Institutional Review Board for Human Investigation at University Hospitals of Cleveland for Case Western Reserve University, USA and the Ethical Review Committee at the Kenya Medical Research Institute with written informed consent from all subjects. All subjects gave written informed consent in accordance with the Declaration of Helsinki.

AUTHOR CONTRIBUTIONS

J-AC and JB designed the study. J-AC conducted most of the experiments and analyzed the data together with JB. J-AC performed gametocyte culture with guidance from BD and CS. DD produced the recombinant Pfs230D1M protein. LR performed immunofluorescence microscopy. AL-P performed ELISAs. AD, KC, and JK were involved in cohort studies. J-AC, MB, and JB wrote the manuscript, which was critically reviewed by all authors. All authors approved the final manuscript.

ACKNOWLEDGMENTS

We thank all the study participants, their parents and the staff involved in the study from Kenya Medical Research Institute. We thank Brian Cooke for providing the 3D7-SBP1KO isolate and Alan Cowman and Till Voss for providing vectors for generating the 3D7vpkd isolate. Funding was provided by the National Health and Medical Research Council of Australia (Program grant [1092789], Senior Research Fellowship to JB [1077636], Career Development Fellowship to MB [1141632]), the Australian Research Council (Future fellowship to JB) and the National Institutes for Health (to JK [AI095192]). The authors gratefully acknowledge support for the Burnet Institute from the Victorian Operational Infrastructure Support Program, and NHMRC Independent Research Institutes Infrastructure Scheme.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2018.03126/full#supplementary-material

REFERENCES

 1. World Health Organization. World Malaria Report 2017 (2017). p. 1–196.

 2. Joice R, Nilsson SK, Montgomery J, Dankwa S, Egan E, Morahan B, Plasmodium falciparum transmission stages accumulate in the human bone marrow. Sci Transl Med. (2014) 6:244re5. doi: 10.1126/scitranslmed.3008882

 3. Farfour E, Charlotte F, Settegrana C, Miyara M, Buffet P. The extravascular compartment of the bone marrow: a niche for Plasmodium falciparum gametocyte maturation? Malar J. (2012) 11:285. doi: 10.1186/1475-2875-11-285

 4. Bachmann A, Esser C, Petter M, Predehl S, von Kalckreuth V, Schmiedel S, Absence of erythrocyte sequestration and lack of multicopy gene family expression in Plasmodium falciparum from a splenectomized malaria patient. PLoS ONE (2009) 4:e7459. doi: 10.1371/journal.pone.0007459

 5. Horrocks P, Pinches RA, Chakravorty SJ, Papakrivos J, Christodoulou Z, Kyes SA, et al. PfEMP1 expression is reduced on the surface of knobless Plasmodium falciparum infected erythrocytes. J Cell Sci. (2005) 118:2507–18. doi: 10.1242/jcs.02381

 6. Chan JA, Fowkes FJI, Beeson JG. Surface antigens of Plasmodium falciparum-infected erythrocytes as immune targets and malaria vaccine candidates. Cell Mol Life Sci. (2014) 71:3633–57. doi: 10.1007/s00018-014-1614-3

 7. Tibùrcio M, Silvestrini F, Bertuccini L, Sander AF, Turner L, Lavstsen T, et al. Early gametocytes of the malaria parasite Plasmodium falciparum specifically remodel the adhesive properties of infected erythrocyte surface. Cell Microbiol. (2012) 15:647–59. doi: 10.1111/cmi.12062

 8. Tibùrcio M, Sauerwein R, Lavazec C, Alano P. Erythrocyte remodelling by Plasmodium falciparum gametocytes in the human host interplay. Trends Parasitol. (2015) 31:270–8. doi: 10.1016/j.pt.2015.02.006

 9. Stone WJR, Dantzler KW, Nilsson SK, Drakeley CJ, Marti M, Bousema T, et al. Naturally acquired immunity to sexual stage P. falciparum parasites. Parasitology (2016) 143:187–98. doi: 10.1017/S0031182015001341

 10. Piper KP, Hayward RE, Cox MJ, Day KP. Malaria transmission and naturally acquired immunity to PfEMP-1. Infect Immun. (1999) 67:6369–74.

 11. Saeed M, Roeffen W, Alexander N, Drakeley CJ, Targett GAT, Sutherland CJ. Plasmodium falciparum antigens on the surface of the gametocyte-infected erythrocyte. PLoS ONE (2008) 3:e2280. doi: 10.1371/journal.pone.0002280

 12. Dinko B, King E, Targett GAT, Sutherland CJ. Antibody responses to surface antigens of Plasmodium falciparum gametocyte-infected erythrocytes and their relation to gametocytaemia. Parasite Immunol. (2016) 38:352–64. doi: 10.1111/pim.12323

 13. Gebru T, Ajua A, Theisen M, Esen M, Ngoa UA, Issifou S, et al. Recognition of Plasmodium falciparum mature gametocyte-infected erythrocytes by antibodies of semi-immune adults and malaria-exposed children from Gabon. Malar J. (2017) 16:176. doi: 10.1186/s12936-017-1827-7

 14. Graves PM, Doubrovsky A, Carter R, Eida S, Beckers P. High frequency of antibody response to Plasmodium falciparum gametocyte antigens during acute malaria infections in Papua New Guinea highlanders. Am J Trop Med Hyg. (1990) 42:515–20. doi: 10.4269/ajtmh.1990.42.515

 15. Drakeley CJ, Eling W, Teelen K, Bousema JT, Sauerwein R, Greenwood BM, et al. Parasite infectivity and immunity to Plasmodium falciparum gametocytes in Gambian children. Parasite Immunol. (2004) 26:159–65. doi: 10.1111/j.0141-9838.2004.00696.x

 16. Drakeley CJ, Bousema JT, Akim NIJ, Teelen K, Roeffen W, Lensen AH, et al. Transmission-reducing immunity is inversely related to age in Plasmodium falciparum gametocyte carriers. Parasite Immunol. (2006) 28:185–90. doi: 10.1111/j.1365-3024.2005.00818.x

 17. Stone WJR, Campo JJ, Ouédraogo AL, Meerstein-Kessel L, Morlais I, Da D, et al. Unravelling the immune signature of Plasmodium falciparum transmission-reducing immunity. Nat Commun. (2018) 9:558. doi: 10.1038/s41467-017-02646-2

 18. Jones S, Grignard L, Nebie I, Chilongola J, Dodoo D, Sauerwein R, et al. Naturally acquired antibody responses to recombinant Pfs230 and Pfs48/45 transmission blocking vaccine candidates. J Infect. (2015) 71:117–27. doi: 10.1016/j.jinf.2015.03.007

 19. Dent AE, Chelimo K, Sumba PO, Spring MD, Crabb BS, Moormann AM, et al. Temporal stability of naturally acquired immunity to Merozoite Surface Protein-1 in Kenyan adults. Malar J. (2009) 8:162. doi: 10.1186/1475-2875-8-162

 20. Chelimo K, Embury PB, Sumba PO, Vulule J, Ofulla AV, Long C, et al. Age-related differences in naturally acquired T cell memory to Plasmodium falciparum merozoite surface protein 1. PLoS ONE (2011) 6:e24852. doi: 10.1371/journal.pone.0024852

 21. Chan JA, Howell KB, Reiling L, Ataíde R, Mackintosh CL, Fowkes FJI, et al. Targets of antibodies against Plasmodium falciparum-infected erythrocytes in malaria immunity. J Clin Invest. (2012) 122:3227–38. doi: 10.1172/JCI62182

 22. Chan JA, Howell KB, Langer C, Maier AG, Hasang W, Rogerson SJ, et al. A single point in protein trafficking by Plasmodium falciparum determines the expression of major antigens on the surface of infected erythrocytes targeted by human antibodies. Cell Mol Life Sci. (2016) 73:4141–58. doi: 10.1007/s00018-016-2267-1

 23. Boyle MJ, Richards JS, Gilson PR, Chai W, Beeson JG. Interactions with heparin-like molecules during erythrocyte invasion by Plasmodium falciparum merozoites. Blood (2010) 115:4559–68. doi: 10.1182/blood-2009-09-243725

 24. Macdonald NJ, Nguyen V, Shimp R, Reiter K, Herrera R, Burkhardt M, et al. Structural and immunological characterization of recombinant 6-cysteine domains of the Plasmodium falciparum sexual stage protein Pfs230. J Biol Chem. (2016) 291:19913–22. doi: 10.1074/jbc.M116.732305

 25. Reiling L, Richards JS, Barry AE, Triglia T, Chokejindachai W, Michon P, et al. Evidence that the erythrocyte invasion ligand PfRh2 is a target of protective immunity against Plasmodium falciparum malaria. J Immunol. (2010) 185:6157–67. doi: 10.4049/jimmunol.1001555

 26. Voss TS, Healer J, Marty AJ, Duffy MF, Thompson JK, Beeson JG, et al. A var gene promoter controls allelic exclusion of virulence genes in Plasmodium falciparum malaria. Nature (2006) 439:1004–8. doi: 10.1038/nature04407

 27. Maier AG, Rug M, O'Neill MT, Beeson JG, Marti M, Reeder J, et al. Skeleton-binding protein 1 functions at the parasitophorous vacuole membrane to traffic PfEMP1 to the Plasmodium falciparum-infected erythrocyte surface. Blood (2007) 109:1289–97. doi: 10.1182/blood-2006-08-043364

 28. Cooke BM, Buckingham DW, Glenister FK, Fernandez KM, Bannister LH, Marti M, et al. A Maurer's cleft-associated protein is essential for expression of the major malaria virulence antigen on the surface of infected red blood cells. J Cell Biol. (2006) 172:899–908. doi: 10.1083/jcb.200509122

 29. Roeffen W, Beckers PJ, Teelen K, Lensen T, Sauerwein RW, Meuwissen JH, et al. Plasmodium falciparum: a comparison of the activity of Pfs230-specific antibodies in an assay of transmission-blocking immunity and specific competition ELISAs. Exp Parasitol. (1995) 80:15–26. doi: 10.1006/expr.1995.1003

 30. John CC, Tande AJ, Moormann AM, Sumba PO, Lanar DE, Min XM, et al. Antibodies to pre-erythrocytic Plasmodium falciparum antigens and risk of clinical malaria in Kenyan children. J Infect Dis. (2008) 197:519–26. doi: 10.1086/526787

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Chan, Drew, Reiling, Lisboa-Pinto, Dinko, Sutherland, Dent, Chelimo, Kazura, Boyle and Beeson. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fimmu-09-03126-g001.gif
Aoseeet seell % aco:
i
L \ i T
3 oo T
Stgev 2 20
Nimr—Y T
Ak
J ) PR

0 507 parent
ity
750w

- 7 ameceies

Car
& o o
puronal vpXd SEPIKO gametocyte-Es

wophoToNeIEs





OPS/images/fimmu-09-03126-g002.gif
S p—————

s v -
(4 . -
e '( o #f 'fi il
0 4« &
& e (G
-saponin. 2 . <uwninv” 5
R N o
§ e § oo
D | P
s - g e h
. ollla bl lla ..
aumetooyes gameteEs 8838 %¢
zs_ 5 i
£t g
Eg :: WH E 10000, ..
ol g o
85383¢ P S
H o]
e own  oawen e

‘vv






OPS/images/cover.jpg
’ frontiers
in Immunology

Low Levels of Human Antibodies to
Gametocyte-Infected Erythrocytes
Contrasts the PFEMP1-Dominant
Response to Asexual Stages in P.
falciparum Malaria









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





