
Towards an anti-disease malaria vaccine
Frank Lennartz1, Thomas Lavstsen2,3 and Matthew K. Higgins1
1Department of Biochemistry, University of Oxford, South Parks Road, Oxford OX1 3QU, U.K.; 2Centre for Medical Parasitology, Department of Immunology and Microbiology
(ISIM), Faculty of Health and Medical Sciences, University of Copenhagen, Copenhagen, Denmark; 3Department of Infectious Diseases, Copenhagen University Hospital
(Rigshospitalet), Copenhagen, Denmark

Correspondence: Matthew K. Higgins (matthew.higgins@bioch.ox.ac.uk)

Human infective parasites, such as those that cause malaria, are highly adapted to evade
clearance by the immune system. In situations where they must maintain prolonged inter-
actions with molecules of their host, they often use parasite surface protein families.
These families are highly diverse to prevent immune recognition, and yet, to promote
parasite survival, their members must retain the ability to interact with specific human
receptors. One of the best understood of the parasite surface protein families is the
PfEMP1 proteins of Plasmodium falciparum. These molecules cause infected erythro-
cytes to adhere to human receptors found on blood vessel and tissue surfaces. This pro-
tects the parasite within from clearance by the spleen and also causes symptoms of
severe malaria. The PfEMP1 are exposed to the immune system during infection and are
therefore excellent vaccine candidates for use in an approach to prevent severe disease.
A key question, however, is whether their extensive diversity precludes them from forming
components of the malaria vaccines of the future?

Do anti-disease immunogens have a place in future
malaria vaccines?
Malaria is one of the most ancient diseases of humanity, evolving with its mammalian hosts for mil-
lennia. It still kills around half a million people each year and causes hundreds of millions of clinical
cases [1]. The quest to generate a vaccine has been long and challenging, with the best example to
date, the single-component vaccine RTS,S, proving to be only ∼30% effective [2]. The malaria vaccines
of the future are therefore likely to become more complex, simultaneously attacking multiple stages of
the parasite life cycle [3,4]. The three major targets currently leading the way are the molecular
machinery used by the parasite to invade human liver cells, to invade red blood cells or to fuse
gametes in the mosquito midgut. Effectively preventing any one of these crucial steps in the parasite
life cycle will block parasite development or will stop transmission to other human hosts [5]. One
option, which leads to sterile protection in immunized volunteers, but has challenges associated with
deployment in malaria endemic regions, is whole parasite-based vaccines, such as attenuated sporo-
zoites [6]. In addition, promising molecular targets for intervention have been identified for each
stage, including components of the circumsporozoite protein (CSP) for the liver stage (already the
active component of the RTS,S vaccine) [2], RH5 for the blood stage [7,8] and HAP2, Pfs48/45 and
Pfs230 for gamete fusion [9]. All are under active consideration as vaccine candidates.
Other possibilities on the target list are the proteins that determine whether a malaria infection

develops severe and life-threatening symptoms. Severe malaria, which may include severe anaemia,
respiratory distress or cerebral effects, is experienced among individuals who have not yet been
exposed to repeated Plasmodium falciparum infections and have therefore not developed an antibody
repertoire capable of managing the infection [5]. In malaria endemic areas, the burden of severe
malaria falls heaviest on children under the age of 5 [10], while as transmission decreases, immunity
is acquired later in life, and severe malaria becomes more common in older children [5,11].
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The development of severe malaria symptoms occurs in the blood stage of infection and is linked to expres-
sion of parasite proteins found on infected erythrocyte surfaces, tethering parasites to human endothelium and
tissues. This prevents infected erythrocytes, which have been swollen by parasites within, from being filtered
from the blood by the human spleen. It also leads to inflammation, occlusion of blood vessels and to the symp-
toms of severe malaria, including cerebral malaria and pregnancy-associated malaria, which are characterized
by marked sequestration of parasites in the brain and placenta [12]. Endothelial tethering is mediated by the P.
falciparum erythrocyte membrane protein 1, PfEMP1, a large protein family with ∼60 members encoded in
each genome [13,14]. Each PfEMP1 is formed from multiple copies of two parasite-specific domain types, the
CIDR and DBL domains, which are most often spatially arranged in a linear array (Figure 1) [15]. Different
individual domains are capable of interacting with specific human endothelial surface proteins, including endo-
thelial protein C receptor, EPCR [16], intracellular adhesion molecule 1, ICAM-1 [17] and cluster of differenti-
ation 36, CD36 [18].
In some regards, the PfEMP1s are excellent vaccine candidates. They are linked directly to the pathogenesis

of malaria, are constantly exposed to the immune system and are the targets of many of the antibodies gener-
ated in response to infection [19,20], and that correlate with protection against malaria [21]. A vaccine that
raises antibodies that target PfEMP1s and prevents endothelial adhesion is therefore expected to significantly
reduce the incidence of severe symptoms and deaths due to malaria.
However, the PfEMP1 family is hugely diverse. As proteins that are constantly exposed to the immune

system, selection pressure has caused them to expand into a large and antigenically variant protein family that
varies significantly between different isolates [13,14]. The population of parasites released from the liver
expresses most PfEMP1s, with a reduced repertoire found later in infection [22,23]. This maximizes the likeli-
hood of establishing an infection regardless of the immune status or receptor availability of the host. Switching
of PfEMP1-expressing genes then allows the parasite to adapt to immune challenge, increasing the likelihood of
survival and passage to a new vector, perhaps most significantly during long periods of low transmission.
So to what degree is the PfEMP1 family too complex and too diverse to target therapeutically? Will it ever

be possible to generate vaccine immunogens that induce a broadly inhibitory response against such a protein
family? To answer these questions, we need to understand which PfEMP1s to target, due to their specific asso-
ciation with severe forms of malaria. We also need to understand their structures and to determine whether
they retain the capacity to bind to specific endothelial receptors through conserved binding sites, and whether
these sites can be mimicked by vaccine immunogens. If expression of specific PfEMP1s leads to the develop-
ment of severe malaria, and if these PfEMP1s use conserved surfaces for ligand binding, then it may be possible
to include their derivatives in future vaccines as components designed to reduce the incidence of death and
severe disease.

Which PfEMP1 proteins are linked to specific disease
phenotypes?
Only a fraction of malaria cases develop severe symptoms. With many varied PfEMP1s in the genome, a major
question has therefore been whether specific PfEMP1s, with specific receptor-binding phenotypes, are asso-
ciated with particular severe disease syndromes. Indeed, PfEMP1 domains have been suggested to interact with
a wide range of different human protein and carbohydrate ligands [24,25]. This raises several questions. Which
are real, physiologically relevant interactions and which binding phenotypes are associated with particular
severe malaria phenotypes? If such links can be demonstrated, then the component list for a PfEMP1-based
vaccine would decrease.
The first PfEMP1 ligand-binding phenotype associated with a particular disease syndrome was found for

pregnancy-associated malaria. Here, a single PfEMP1 in each parasite genome, known as VAR2CSA, was spe-
cifically expressed in parasites isolated from pregnant women suffering from malaria [26,27]. VAR2CSA med-
iates the sequestration of infected erythrocytes by binding to the chondroitin sulphates that fill the spaces of the
placenta in contact with maternal blood [26,28]. With just one PfEMP1 associated with this form of the
disease, and with immunity to pregnancy-associated malaria in multigravid women being associated with anti-
bodies that bind VAR2CSA [29], this is a promising vaccine candidate and is being tested in clinical trials [30].
The association of specific PfEMP1s with severe malaria and the identification of their binding partners

proved more challenging. Narrowing down the search required extensive sequence analysis and PfEMP1
domain classification [14]. First, the PfEMP1s were arranged into groups A, B and C, depending on their
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chromosomal location and the domain types encoded [31]. Expression of a subset of PfEMP1s, which contain
a specific set of domains, known as CIDRα1 domains, was associated with severe malaria or brain endothelial
cell binding [32–35]. Later, CIDRα1 domains were found to bind to human EPCR [16], thereby preventing
EPCR from interacting with its natural ligand, activated protein C [16,36] (Figure 1). The blockage of
EPCR-mediated signalling, through PfEMP1 binding, is proposed to lead to localized inflammation and to
symptoms of severe disease [12,16,36,37].
While expression of EPCR-binding PfEMP1s has been associated with all forms of severe malaria [16,38–

41], probably due to broad tissue tropism, efficient sequestration and the proposed pathogenic consequences of
receptor binding, it is not specially linked to the development of cerebral disease. A particular association with
cerebral symptoms was found for parasites expressing PfEMP1s that combine both an EPCR-binding CIDRα1
domain and a DBLβ domain that can bind to ICAM-1, allowing simultaneous binding of infected erythrocytes
to both ligands [38,42,43] (Figure 1).

Figure 1. The molecular basis for binding of PfEMP1 associated with severe disease to human receptors.

(A) The architecture of PfEMP1 ectodomains displayed on the surface of erythrocytes infected with P. falciparum. Classical

PfEMP1s are rigid and elongated in structure [51], whereas VAR2CSA is the only PfEMP1 known to have an overall globular

structure [52]. The two domain types in PfEMP1, CIDR domains (yellow) and DBL domains (green), are indicated. (B) Crystal

structure of a CIDR domain (yellow) bound to its human receptor, EPCR (blue). The inset shows the CIDR residues (red) that

make direct contact with EPCR and their conservation across 737 EPCR-binding CIDR domains, displayed as a sequence logo

[36]. (C) Crystal structure of a DBL domain (green) bound to the first two domains of its human receptor, ICAM-1 (blue). The

inset shows the DBL residues (red) that directly contact ICAM-1 and a sequence logo showing their conservation across 145

ICAM-1-binding DBL domains [38].
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The links between these PfEMP1 types and severe or cerebral malaria are not absolute [16,38,44].
Nevertheless, expression of these PfEMP1s is a significant risk factor for the development of severe malaria
symptoms and inhibitory antibodies targeting their respective receptor-binding domains are found in surviving
patients [36,38]. While there is still much to discover about the PfEMP1s, these groups of domains are there-
fore highly promising candidates to target in attempts to reduce the devastating symptoms of severe malaria.

Identifying conserved receptor-binding surfaces on
PfEMP1s
The identification of groups of PfEMP1s [45] associated with specific disease syndromes is a significant step
forward. But are these molecules suited for inclusion in a vaccine? The best example for progress towards an
effective PfEMP1-based vaccine is VAR2CSA. Here, the immunogen was narrowed down to a ∼60 kDa frag-
ment that has similar affinity and specificity for chondroitin sulphates as the full protein. Antibodies raised
against this fragment recognize infected erythrocytes and block binding to chondroitin sulphate [46].
VAR2CSA is progressing through human clinical trials as a vaccine candidate [30].
However, VAR2CSA is not a classical PfEMP1 as it lies outside the normal organization of the protein

family and is encoded by a single, relatively conserved gene in each parasite genome [26,27,45]. What about
the more classical PfEMP1 family members? Do the ICAM-1 or EPCR-binding PfEMP1s, associated with
severe disease, have the properties of vaccine immunogens? A combination of structural studies and extensive
genomic analysis have revealed the degree to which these PfEMP1s remain conserved to allow receptor binding
and has further identified regions of the ligand-binding domains that could be mimicked in immunogens
[36,38,47] (Figure 1). The residues important for ICAM-1 binding in the DBLβ domains associated with cere-
bral malaria are remarkably conserved [38]. In contrast, EPCR-binding CIDRα1 domains are more complex,
with little direct sequence conservation [36]. Despite this sequence diversity, however, the EPCR-binding
surface is predominantly formed from a kinked helix that is conserved in shape and chemistry, indicating that
it will be possible to design an immunogen that mimics these features and can induce cross-reactive antibodies.
It is also expected that these features will remain conserved, to allow the CIDRα1 domains to continue binding
to EPCR, limiting immune escape.

From structural conservation to vaccine immunogen?
While there is still more to discover about the PfEMP1 family, recent studies have cut through some of their
complexity, identifying binding phenotypes associated with severe disease syndromes and characterizing con-
served structural features that mediate receptor binding. This revealed important principles that are likely to be
shared by other PfEMP1s or other parasite surface protein families such as the RIFINs, which are less well
studied, but have been suggested to contribute to the pathogenesis of malaria [48]. For example, genuine
binding phenotypes are likely to be found in multiple family members and to be predicable from sequence
when understood at a molecular level. In addition, conservation of shape and structure is likely to allow the
maintenance of binding to invariant human receptors despite extensive sequence diversity.
A key question remaining is whether these insights can be used to design improved vaccine immunogens.

Will knowledge of the chemically conserved surfaces that mediate receptor binding allow us to design mole-
cules that mimic these regions? Will these molecules raise antibodies that specifically target the conserved
chemistry of the receptor-binding sites and will these antibodies have broadly neutralizing potential?
Recent advances in structure-guided vaccine design raise hope that the key receptor-binding sites of PfEMP1

domains can be mimicked in designed immunogens. This could be achieved by grafting critical epitopes from
PfEMP1 domains onto much smaller, weakly immunogenic scaffolds, a method that has been used successfully
in viral vaccine development [49,50]. In the case of respiratory syncytial virus, the design of such immunogens,
which specifically present epitopes for protective inhibitory antibodies, led to their re-elicitation [50]. The hope
is that the use of similar design tools for a diverse protein family, like the PfEMP1s, will generate antibodies
that specifically target functionally important and structurally conserved surfaces, blocking processes important
for pathogenesis and reducing disease.
Many believe that surface protein families, such as the PfEMP1s, are simply too challenging to target by vac-

cines, with their depth of diversity so extensive that no immunogen will be able to raise antibodies that neutral-
ize function across the whole family. Indeed, there is no doubt that it will be easier to generate broadly
neutralizing antibodies that target more conserved proteins, such as the blood stage malaria antigen RH5 or the
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liver stage antigen CSP. However, for specific PfEMP1s, associated with particular binding phenotypes, there is
hope. To retain the capacity to bind to their conserved human ligands, these PfEMP1s must retain the shape
and chemical properties of their receptor-binding surfaces. The identification of interactions associated with
severe disease, and the characterization of critical conserved features therefore provides the foundation required
for these immunogen design studies. It will be fascinating to see the degree to which the latest tools in protein
design can now allow the production of such immunogens and the degree to which they generate broadly react-
ive immune responses. If successful, such immunogens may form a valuable part of the multi-stage malaria
vaccines of the future.

Abbreviations
CIDR, cysteine rich interdomain region; CSP, circumsporozoite protein; DBL, Duffy binding like; EPCR,
endothelial protein C receptor; ICAM-1, intracellular adhesion molecule 1; PfEMP1, P. falciparum erythrocyte
membrane protein 1.

Summary
• The malaria vaccines of the future are likely to be multi-component.

• Developing a component to prevent severe disease involves targeting parasite surface protein
families such as PfEMP1.

• These are diverse and complex. However, recent studies have identified PfEMP1 associated
with severe disease and have identified conserved ligand-binding surfaces.

Competing Interests
The Authors declare that there are no competing interests associated with the manuscript.

References
1 World Health Organsisation. World malaria report 2015
2 RTS,S Clinical Trials Partnership (2015) Efficacy and safety of RTS,S/AS01 malaria vaccine with or without a booster dose in infants and children in

Africa: final results of a phase 3, individually randomised, controlled trial. Lancet 386, 31–45 https://doi.org/10.1016/S0140-6736(15)60721-8
3 Draper, S.J., Angov, E., Horii, T., Miller, L.H., Srinivasan, P., Theisen, M. et al. (2015) Recent advances in recombinant protein-based malaria vaccines.

Vaccine 33, 7433–7443 https://doi.org/10.1016/j.vaccine.2015.09.093
4 Hoffman, S.L., Vekemans, J., Richie, T.L. and Duffy, P.E. (2015) The march toward malaria vaccines. Am. J. Prev. Med. 49(6 suppl 4), S319–S333

https://doi.org/10.1016/j.amepre.2015.09.011
5 Cowman, A.F., Healer, J., Marapana, D. and Marsh, K. (2016) Malaria: biology and disease. Cell 167, 610–624 https://doi.org/10.1016/j.cell.2016.07.055
6 Mordmüller, B., Surat, G., Lagler, H., Chakravarty, S., Ishizuka, A.S., Lalremruata, A. et al. (2017) Sterile protection against human malaria by

chemoattenuated PfSPZ vaccine. Nature 542, 445–449 https://doi.org/10.1038/nature21060
7 Douglas, A.D., Baldeviano, G.C., Lucas, C.M., Lugo-Roman, L.A., Crosnier, C., Bartholdson, S.J. et al. (2015) A PfRH5-based vaccine is efficacious

against heterologous strain blood-stage Plasmodium falciparum infection in aotus monkeys. Cell Host Microbe 17, 130–139 https://doi.org/10.1016/j.
chom.2014.11.017

8 Wright, K.E., Hjerrild, K.A., Bartlett, J., Douglas, A.D., Jin, J., Brown, R.E. et al. (2014) Structure of malaria invasion protein RH5 with erythrocyte
basigin and blocking antibodies. Nature 515, 427–430 https://doi.org/10.1038/nature13715

9 Kapulu, M.C., Da, D.F., Miura, K., Li, Y., Blagborough, A.M., Churcher, T.S. et al. (2015) Comparative assessment of transmission-blocking vaccine
candidates against Plasmodium falciparum. Sci. Rep. 5, 11193 https://doi.org/10.1038/srep11193

10 Langhorne, J., Ndungu, F.M., Sponaas, A.-M. and Marsh, K. (2008) Immunity to malaria: more questions than answers. Nat. Immunol. 9, 725–732
https://doi.org/10.1038/ni.f.205

11 Snow, R.W., Omumbo, J.A., Lowe, B., Molyneux, C.S., Obiero, J.-O., Palmer, A. et al. (1997) Relation between severe malaria morbidity in children and
level of Plasmodium falciparum transmission in Africa. Lancet 349, 1650–1654 https://doi.org/10.1016/S0140-6736(97)02038-2

12 Smith, J.D., Rowe, J.A., Higgins, M.K. and Lavstsen, T. (2013) Malaria’s deadly grip: cytoadhesion of Plasmodium falciparum-infected erythrocytes. Cell
Microbiol. 15, 1976–1983 https://doi.org/10.1111/cmi.12183

13 Gardner, M.J., Hall, N., Fung, E., White, O., Berriman, M., Hyman, R.W. et al. (2002) Genome sequence of the human malaria parasite Plasmodium
falciparum. Nature 419, 498–511 https://doi.org/10.1038/nature01097

14 Rask, T.S., Hansen, D.A., Theander, T.G., Pedersen, A.G. and Lavstsen, T. (2010) Plasmodium falciparum erythrocyte membrane protein 1 diversity in
seven genomes—divide and conquer. PLoS Comput. Biol. 6, e1000933 https://doi.org/10.1371/journal.pcbi.1000933

© 2017 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and the Royal Society of Biology and distributed under the Creative Commons

Attribution License 4.0 (CC BY).

543

Emerging Topics in Life Sciences (2017) 1 539–545
https://doi.org/10.1042/ETLS20170091

https://doi.org/10.1016/S0140-6736(15)60721-8
https://doi.org/10.1016/S0140-6736(15)60721-8
https://doi.org/10.1016/S0140-6736(15)60721-8
https://doi.org/10.1016/j.vaccine.2015.09.093
https://doi.org/10.1016/j.amepre.2015.09.011
https://doi.org/10.1016/j.cell.2016.07.055
https://doi.org/10.1038/nature21060
https://doi.org/10.1016/j.chom.2014.11.017
https://doi.org/10.1016/j.chom.2014.11.017
https://doi.org/10.1038/nature13715
https://doi.org/10.1038/srep11193
https://doi.org/10.1038/ni.f.205
https://doi.org/10.1016/S0140-6736(97)02038-2
https://doi.org/10.1016/S0140-6736(97)02038-2
https://doi.org/10.1016/S0140-6736(97)02038-2
https://doi.org/10.1111/cmi.12183
https://doi.org/10.1038/nature01097
https://doi.org/10.1371/journal.pcbi.1000933
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


15 Higgins, M.K. and Carrington, M. (2014) Sequence variation and structural conservation allows development of novel function and immune evasion in
parasite surface protein families. Protein Sci. 23, 354–365 https://doi.org/10.1002/pro.2428

16 Turner, L., Lavstsen, T., Berger, S.S., Wang, C.W., Petersen, J.E.V., Avril, M. et al. (2013) Severe malaria is associated with parasite binding to
endothelial protein C receptor. Nature 498, 502–505 https://doi.org/10.1038/nature12216

17 Berendt, A.R., Simmons, D.L., Tansey, J., Newbold, C.I. and Marsh, K. (1989) Intercellular adhesion molecule-1 is an endothelial cell adhesion receptor
for Plasmodium falciparum. Nature 341, 57–59 https://doi.org/10.1038/341057a0

18 Ockenhouse, C.F., Tandon, N.N., Magowan, C., Jamieson, G.A. and Chulay, J.D. (1989) Identification of a platelet membrane glycoprotein as a
falciparum malaria sequestration receptor. Science 243, 1469–1471 https://doi.org/10.1126/science.2467377

19 Bull, P.C., Lowe, B.S., Kortok, M., Molyneux, C.S., Newbold, C.I. and Marsh, K. (1998) Parasite antigens on the infected red cell surface are targets for
naturally acquired immunity to malaria. Nat. Med. 4, 358–360 https://doi.org/10.1038/nm0398-358

20 Chan, J.-A., Howell, K.B., Reiling, L., Ataide, R., Mackintosh, C.L., Fowkes, F.J.I. et al. (2012) Targets of antibodies against Plasmodium
falciparum-infected erythrocytes in malaria immunity. J. Clin. Invest. 122, 3227–3238 https://doi.org/10.1172/JCI62182

21 Bull, P.C. and Abdi, A.I. (2016) The role of PfEMP1 as targets of naturally acquired immunity to childhood malaria: prospects for a vaccine. Parasitology
143, 171–186 https://doi.org/10.1017/S0031182015001274

22 Lavstsen, T., Magistrado, P., Hermsen, C.C., Salanti, A., Jensen, A.T.R., Sauerwein, R. et al. (2005) Expression of Plasmodium falciparum erythrocyte
membrane protein 1 in experimentally infected humans. Malar. J. 4, 21 https://doi.org/10.1186/1475-2875-4-21

23 Wang, C.W., Magistrado, P.A., Nielsen, M.A., Theander, T.G. and Lavstsen, T. (2009) Preferential transcription of conserved rif genes in two
phenotypically distinct Plasmodium falciparum parasite lines. Int. J. Parasitol. 39, 655–664 https://doi.org/10.1016/j.ijpara.2008.11.014

24 Rowe, J.A., Claessens, A., Corrigan, R.A. and Arman, M. (2009) Adhesion of Plasmodium falciparum-infected erythrocytes to human cells: molecular
mechanisms and therapeutic implications. Expert Rev. Mol. Med. 11, e16 https://doi.org/10.1017/S1462399409001082

25 Esser, C., Bachmann, A., Kuhn, D., Schuldt, K., Förster, B., Thiel, M. et al. (2014) Evidence of promiscuous endothelial binding by Plasmodium
falciparum-infected erythrocytes. Cell. Microbiol. 16, 701–708 https://doi.org/10.1111/cmi.12270

26 Salanti, A., Dahlbäck, M., Turner, L., Nielsen, M.A., Barfod, L., Magistrado, P. et al. (2004) Evidence for the involvement of VAR2CSA in
pregnancy-associated malaria. J. Exp. Med. 200, 1197–1203 https://doi.org/10.1084/jem.20041579

27 Salanti, A., Staalsoe, T., Lavstsen, T., Jensen, A.T.R., Sowa, M.P.K., Arnot, D.E. et al. (2003) Selective upregulation of a single distinctly structured var
gene in chondroitin sulphate A-adhering Plasmodium falciparum involved in pregnancy-associated malaria. Mol. Microbiol. 49, 179–191 https://doi.org/
10.1046/j.1365-2958.2003.03570.x

28 Fried, M. and Duffy, P.E. (1996) Adherence of Plasmodium falciparum to chondroitin sulfate A in the human placenta. Science 272, 1502–1504
https://doi.org/10.1126/science.272.5267.1502

29 Fried, M., Nosten, F., Brockman, A., Brabin, B.J. and Duffy, P.E. (1998) Maternal antibodies block malaria. Nature 395, 851–852 https://doi.org/10.
1038/27570

30 Pehrson, C., Salanti, A., Theander, T.G. and Nielsen, M.A. (2017) Pre-clinical and clinical development of the first placental malaria vaccine. Expert Rev.
Vaccines 16, 613–624 https://doi.org/10.1080/14760584.2017.1322512

31 Lavstsen, T., Salanti, A., Jensen, A.T., Arnot, D.E. and Theander, T.G. (2003) Sub-grouping of Plasmodium falciparum 3D7 var genes based on
sequence analysis of coding and non-coding regions. Malar. J. 2, 27 https://doi.org/10.1186/1475-2875-2-27

32 Lavstsen, T., Turner, L., Saguti, F., Magistrado, P., Rask, T.S., Jespersen, J.S. et al. (2012) Plasmodium falciparum erythrocyte membrane protein 1
domain cassettes 8 and 13 are associated with severe malaria in children. Proc. Natl Acad. Sci. U.S.A. 109, E1791–E1800 https://doi.org/10.1073/
pnas.1120455109

33 Jensen, A.T.R., Magistrado, P., Sharp, S., Joergensen, L., Lavstsen, T., Chiucchiuini, A. et al. (2004) Plasmodium falciparum associated with severe
childhood malaria preferentially expresses PfEMP1 encoded by group A var genes. J. Exp. Med. 199, 1179–1190 https://doi.org/10.1084/jem.
20040274

34 Claessens, A., Adams, Y., Ghumra, A., Lindergard, G., Buchan, C.C., Andisi, C. et al. (2012) A subset of group A-like var genes encodes the malaria
parasite ligands for binding to human brain endothelial cells. Proc. Natl Acad. Sci. U.S.A. 109, E1772–E1781 https://doi.org/10.1073/pnas.
1120461109

35 Avril, M., Tripathi, A.K., Brazier, A.J., Andisi, C., Janes, J.H., Soma, V.L. et al. (2012) A restricted subset of var genes mediates adherence of
Plasmodium falciparum-infected erythrocytes to brain endothelial cells. Proc. Natl Acad. Sci. U.S.A. 109, E1782–E1790 https://doi.org/10.1073/pnas.
1120534109

36 Lau, C.K.Y., Turner, L., Jespersen, J.S., Lowe, E.D., Petersen, B., Wang, C.W. et al. (2015) Structural conservation despite huge sequence diversity
allows EPCR binding by the PfEMP1 family implicated in severe childhood malaria. Cell Host Microbe 17, 118–129 https://doi.org/10.1016/j.chom.
2014.11.007

37 Petersen, J.E.V., Bouwens, E.A.M., Tamayo, I., Turner, L., Wang, C.W., Stins, M. et al. (2015) Protein C system defects inflicted by the malaria parasite
protein PfEMP1 can be overcome by a soluble EPCR variant. Thromb. Haemost. 114, 1038–1048 https://doi.org/10.1160/TH15-01-0018

38 Lennartz, F., Adams, Y., Bengtsson, A., Olsen, R.W., Turner, L., Ndam, N.T. et al. (2017) Structure-guided identification of a family of dual
receptor-binding PfEMP1 that is associated with cerebral malaria. Cell Host Microbe 21, 403–414 https://doi.org/10.1016/j.chom.2017.02.009

39 Jespersen, J.S., Wang, C.W., Mkumbaye, S.I., Minja, D.T.R., Petersen, B., Turner, L. et al. (2016) Plasmodium falciparum var genes expressed in
children with severe malaria encode CIDRα1 domains. EMBO Mol. Med. 8, 839–850 https://doi.org/10.15252/emmm.201606188

40 Bernabeu, M. and Smith, J.D. (2017) EPCR and malaria severity: the center of a perfect storm. Trends Parasitol. 33, 295–308 https://doi.org/10.1016/
j.pt.2016.11.004

41 Bernabeu, M., Danziger, S.A., Avril, M., Vaz, M., Babar, P.H., Brazier, A.J. et al. (2016) Severe adult malaria is associated with specific PfEMP1
adhesion types and high parasite biomass. Proc. Natl Acad. Sci. U.S.A. 113, E3270–E3279 https://doi.org/10.1073/pnas.1524294113

42 Avril, M., Bernabeu, M., Benjamin, M., Brazier, A.J. and Smith, J.D. (2016) Interaction between endothelial protein C receptor and intercellular adhesion
molecule 1 to mediate binding of Plasmodium falciparum-infected erythrocytes to endothelial cells. mBio 7, e00615-16 https://doi.org/10.1128/mBio.
00615-16

© 2017 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and the Royal Society of Biology and distributed under the Creative Commons

Attribution License 4.0 (CC BY).

544

Emerging Topics in Life Sciences (2017) 1 539–545
https://doi.org/10.1042/ETLS20170091

https://doi.org/10.1002/pro.2428
https://doi.org/10.1038/nature12216
https://doi.org/10.1038/341057a0
https://doi.org/10.1126/science.2467377
https://doi.org/10.1038/nm0398-358
https://doi.org/10.1038/nm0398-358
https://doi.org/10.1172/JCI62182
https://doi.org/10.1017/S0031182015001274
https://doi.org/10.1186/1475-2875-4-21
https://doi.org/10.1186/1475-2875-4-21
https://doi.org/10.1186/1475-2875-4-21
https://doi.org/10.1186/1475-2875-4-21
https://doi.org/10.1016/j.ijpara.2008.11.014
https://doi.org/10.1017/S1462399409001082
https://doi.org/10.1111/cmi.12270
https://doi.org/10.1084/jem.20041579
https://doi.org/10.1046/j.1365-2958.2003.03570.x
https://doi.org/10.1046/j.1365-2958.2003.03570.x
https://doi.org/10.1046/j.1365-2958.2003.03570.x
https://doi.org/10.1126/science.272.5267.1502
https://doi.org/10.1038/27570
https://doi.org/10.1038/27570
https://doi.org/10.1080/14760584.2017.1322512
https://doi.org/10.1186/1475-2875-2-27
https://doi.org/10.1186/1475-2875-2-27
https://doi.org/10.1186/1475-2875-2-27
https://doi.org/10.1186/1475-2875-2-27
https://doi.org/10.1073/pnas.1120455109
https://doi.org/10.1073/pnas.1120455109
https://doi.org/10.1084/jem.20040274
https://doi.org/10.1084/jem.20040274
https://doi.org/10.1073/pnas.1120461109
https://doi.org/10.1073/pnas.1120461109
https://doi.org/10.1073/pnas.1120534109
https://doi.org/10.1073/pnas.1120534109
https://doi.org/10.1016/j.chom.2014.11.007
https://doi.org/10.1016/j.chom.2014.11.007
https://doi.org/10.1160/TH15-01-0018
https://doi.org/10.1160/TH15-01-0018
https://doi.org/10.1160/TH15-01-0018
https://doi.org/10.1016/j.chom.2017.02.009
https://doi.org/10.15252/emmm.201606188
https://doi.org/10.1016/j.pt.2016.11.004
https://doi.org/10.1016/j.pt.2016.11.004
https://doi.org/10.1073/pnas.1524294113
https://doi.org/10.1128/mBio.00615-16
https://doi.org/10.1128/mBio.00615-16
https://doi.org/10.1128/mBio.00615-16
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


43 Tuikue Ndam, N., Moussiliou, A., Lavstsen, T., Kamaliddin, C., Jensen, A.T.R., Mama, A. et al. (2017) Parasites causing cerebral falciparum malaria bind
multiple endothelial receptors and express EPCR and ICAM-1-binding PfEMP1. J. Infect. Dis. 215, 1918–1925 https://doi.org/10.1093/infdis/jix230

44 Nunes-Silva, S., Dechavanne, S., Moussiliou, A., Pstrag, N., Semblat, J.-P., Gangnard, S. et al. (2015) Beninese children with cerebral malaria do not
develop humoral immunity against the IT4-VAR19-DC8 PfEMP1 variant linked to EPCR and brain endothelial binding. Malar. J. 14, 493 https://doi.org/
10.1186/s12936-015-1008-5

45 Bockhorst, J., Lu, F., Janes, J.H., Keebler, J., Gamain, B., Awadalla, P. et al. (2007) Structural polymorphism and diversifying selection on the
pregnancy malaria vaccine candidate VAR2CSA. Mol. Biochem. Parasitol. 155, 103–112 https://doi.org/10.1016/j.molbiopara.2007.06.007

46 Clausen, T.M., Christoffersen, S., Dahlback, M., Langkilde, A.E., Jensen, K.E., Resende, M. et al. (2012) Structural and functional insight into how the
Plasmodium falciparum VAR2CSA protein mediates binding to chondroitin sulfate A in placental malaria. J. Biol. Chem. 287, 23332–23345 https://doi.
org/10.1074/jbc.M112.348839

47 Hsieh, F.-L., Turner, L., Bolla, J.R., Robinson, C.V., Lavstsen, T. and Higgins, M.K. (2016) The structural basis for CD36 binding by the malaria parasite.
Nat. Commun. 7, 12837 https://doi.org/10.1038/ncomms12837

48 Wahlgren, M., Goel, S. and Akhouri, R.R. (2017) Variant surface antigens of Plasmodium falciparum and their roles in severe malaria. Nat. Rev.
Microbiol. 15, 479–491 https://doi.org/10.1038/nrmicro.2017.47

49 Azoitei, M.L., Correia, B.E., Ban, Y.-E.A., Carrico, C., Kalyuzhniy, O., Chen, L. et al. (2011) Computation-guided backbone grafting of a discontinuous
motif onto a protein scaffold. Science 334, 373–376 https://doi.org/10.1126/science.1209368

50 Correia, B.E., Bates, J.T., Loomis, R.J., Baneyx, G., Carrico, C., Jardine, J.G. et al. (2014) Proof of principle for epitope-focused vaccine design. Nature
507, 201–206 https://doi.org/10.1038/nature12966

51 Brown, A., Turner, L., Christoffersen, S., Andrews, K.A., Szestak, T., Zhao, Y. et al. (2013) Molecular architecture of a complex between an adhesion
protein from the malaria parasite and intracellular adhesion molecule 1. J. Biol. Chem. 288, 5992–6003 https://doi.org/10.1074/jbc.M112.416347

52 Srivastava, A., Gangnard, S., Round, A., Dechavanne, S., Juillerat, A., Raynal, B. et al. (2010) Full-length extracellular region of the var2CSA variant of
PfEMP1 is required for specific, high-affinity binding to CSA. Proc. Natl Acad. Sci. U.S.A. 107, 4884–4889 https://doi.org/10.1073/pnas.1000951107

© 2017 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and the Royal Society of Biology and distributed under the Creative Commons

Attribution License 4.0 (CC BY).

545

Emerging Topics in Life Sciences (2017) 1 539–545
https://doi.org/10.1042/ETLS20170091

https://doi.org/10.1093/infdis/jix230
https://doi.org/10.1186/s12936-015-1008-5
https://doi.org/10.1186/s12936-015-1008-5
https://doi.org/10.1186/s12936-015-1008-5
https://doi.org/10.1186/s12936-015-1008-5
https://doi.org/10.1186/s12936-015-1008-5
https://doi.org/10.1016/j.molbiopara.2007.06.007
https://doi.org/10.1074/jbc.M112.348839
https://doi.org/10.1074/jbc.M112.348839
https://doi.org/10.1038/ncomms12837
https://doi.org/10.1038/nrmicro.2017.47
https://doi.org/10.1126/science.1209368
https://doi.org/10.1038/nature12966
https://doi.org/10.1074/jbc.M112.416347
https://doi.org/10.1073/pnas.1000951107
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Towards an anti-disease malaria vaccine
	Abstract
	Do anti-disease immunogens have a place in future malaria vaccines?
	Which PfEMP1 proteins are linked to specific disease phenotypes?
	Identifying conserved receptor-binding surfaces on PfEMP1s
	From structural conservation to vaccine immunogen?
	Abbreviations
	Competing Interests
	References


