FEMS Microbiology Reviews, fuw001, 40, 2016, 343–372
doi: 10.1093/femsre/fuw001
Advance Access Publication Date: 1 February 2016
Review Article

REVIEW ARTICLE

Merozoite surface proteins in red blood cell invasion,
immunity and vaccines against malaria

1

Burnet Institute for Medical Research and Public Health, 85 Commercial Road, Melbourne, Victoria, Australia,
Department of Microbiology, Monash University, Clayton, Victoria, Australia, 3 Department of Medicine,
University of Melbourne, Parkville, Victoria, Australia, 4 Department of Epidemiology and Preventive Medicine,
Monash University, Clayton, Victoria, Australia and 5 School of Population Health, University of Melbourne,
Parkville, Victoria, Australia

2

∗

Corresponding author: Centre for Biomedical Research, Burnet Institute of Medical Research and Public Health, 85 Commercial Road, Melbourne 3004,
Victoria, Australia. Tel: +61-3-9282-2111; Fax: +61-3-9282-2265; E-mail: beeson@burnet.edu.au
One sentence summary: The authors summarize current knowledge of merozoite surface proteins of malaria parasites; their function in invasion,
processing of surface proteins before, during and after invasion, their importance as targets of immunity, and the current status of malaria vaccines that
target merozoite surface proteins.
Editor: Christiaan van Ooij

ABSTRACT
Malaria accounts for an enormous burden of disease globally, with Plasmodium falciparum accounting for the majority of
malaria, and P. vivax being a second important cause, especially in Asia, the Americas and the Pacific. During infection with
Plasmodium spp., the merozoite form of the parasite invades red blood cells and replicates inside them. It is during the
blood-stage of infection that malaria disease occurs and, therefore, understanding merozoite invasion, host immune
responses to merozoite surface antigens, and targeting merozoite surface proteins and invasion ligands by novel vaccines
and therapeutics have been important areas of research. Merozoite invasion involves multiple interactions and events, and
substantial processing of merozoite surface proteins occurs before, during and after invasion. The merozoite surface is
highly complex, presenting a multitude of antigens to the immune system. This complexity has proved challenging to our
efforts to understand merozoite invasion and malaria immunity, and to developing merozoite antigens as malaria vaccines.
In recent years, there has been major progress in this field, and several merozoite surface proteins show strong potential as
malaria vaccines. Our current knowledge on this topic is reviewed, highlighting recent advances and research priorities.
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INTRODUCTION
Malaria remains one of the world’s leading causes of morbidity and mortality with an estimated 600 000 deaths and 200
million cases annually (World Health Organization 2014). There
are several Plasmodium spp. that cause malaria in humans, with
Plasmodium falciparum accounting for the majority of severe

malaria and deaths, particularly in Africa. Plasmodium vivax is
a second important cause of malaria with most of the burden
occurring in Asia. The true burden of P. vivax infections is unclear, with estimates of between 71 and 391 million cases per
year (Price et al. 2007). Other causes of human malaria include
P. malariae and P. ovale (recently proposed to exist as two species
(Sutherland et al. 2010), which account for a minor proportion
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Proteins on the merozoite surface and their role
in RBC invasion
Early electron microscope images of Plasmodium merozoites
revealed that they were covered in a ‘fuzzy’ fibrillar coat of

surface proteins; remarkably, this coat appeared to be shed
during RBC invasion (Fig. 1A) (Ladda, Aikawa and Sprinz 1969;
Bannister et al. 1975; Aikawa et al. 1978; Langreth et al. 1978).
Since these initial observations, the composition and function
of merozoite surface proteins (MSPs) has been of great interest
because of their role in RBC invasion and potential as vaccine
candidates (Richards and Beeson 2009) and, more recently, as
drug targets for inhibiting blood-stage replication (Boyle, Wilson
and Beeson 2013; Chandramohanadas et al. 2014; Wilson et al.
2015).
Proteins relevant to red blood cell (RBC) invasion are present
on the merozoite surface, or contained within organelles known
as rhoptries and micronemes at the apex of the merozoite. Merozoite surface proteins are tethered as either glycophosphatidylinositol (GPI)-anchored proteins, integral membrane proteins
or as peripherally-associated proteins (held on the merozoite
surface through interactions with membrane-bound proteins)
(Table 1). Other merozoite proteins are maintained in the rhoptries and micronemes during schizont development, and then
localize to the merozoite surface prior to, or soon after, merozoite egress from the schizont via a variety of mechanisms.
Once released from schizonts, merozoites may take several
minutes before establishing contact with the surface of a RBC
and commencing invasion. After primary attachment of the
merozoite to the RBC surface, invasion by P. falciparum occurs
within approximately 30 seconds (Gilson and Crabb 2009) and involves a sequence of extracelluar recognition events (Weiss et al.
2015) (Fig. 1A and B). Primary merozoite attachment is thought to
be mediated by GPI-anchored MSPs; however, specific receptor–
ligand interactions remain elusive. The subsequent binding of
merozoites is dependent on the erythrocyte binding antigen
(EBA) and reticulocyte binding-like homologous (PfRH) protein
families. Both EBA and PfRH ligands are integral-membrane proteins that allow a number of alternate pathways for merozoite
invasion [reviewed in: (Tham, Healer and Cowman 2012)]. The
diversification of RBC binding pathways appears to have been
driven by a combination of immune selection (Persson et al.
2008) and human RBC polymorphisms (Maier et al. 2003). As
such, while their collective role in invasion is essential, there
is a level of redundancy among protein family members. After
merozoites have bound to RBCs, a smaller member of the PfRH
family, PfRH5, anchors the merozoite to the RBC by binding to
the basigin protein receptor (Crosnier et al. 2011). This anchoring
appears to allow apical membrane antigen 1 (AMA1), an integral
membrane bound protein, to initiate tight junction formation
by binding to RON2 (part of the RON complex), which are secreted from merozoite organelles and translocated to the RBC
surface prior to invasion [based on work on both P. falciaparum
(Lamarque et al. 2011; Srinivasan et al. 2011) and Toxoplasma
gondii models (Besteiro et al. 2009; Tonkin et al. 2011; Lamarque
et al. 2014). Finally, RBC invasion is driven by an actin-myosin
type motor (Baum et al. 2006).
The kinetics of merozoite invasion is only partially understood and largely limited to in vitro studies (Boyle, Wilson and
Beeson 2013; Weiss et al. 2015). From these studies, 80% of merozoites invade within 10 m of co-incubation with RBCs, but the remainder can invade after prolonged periods post-egress (Boyle
et al. 2010b). Similarly, the invasive capacity of merozoites appears to decline relatively quickly after schizont rupture with
an estimated half-life of 8 mins at 37◦ C and 15 mins at room
temperature, however a subpopulation of merozoites can retain their invasive capacity for extended periods (Boyle et al.
2010b; Boyle, Wilson and Beeson 2013). Whether in vitro kinetics are relevant in vivo is currently unknown, nor do we know the
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of the global malaria burden. Plasmodium. knowlesi is a zoonotic
infection transmitted from macaques to humans by infected
mosquitoes in parts of South East Asia; direct human-to-human
transmission appears rare (Singh and Daneshvar 2013).
To initiate infection in humans, sporozoite forms of Plasmodium parasites are injected into the skin by infected Anopheles
mosquitoes and then migrate to the liver and infect hepatocytes. Over 7–10 days, parasites develop and divide into merozoites that are released into the bloodstream. An important
feature of P. vivax is the occurrence of dormant hypnozoites in
the liver that can reactivate weeks, months or years later to initiate new episodes of blood-stage infection. This does not occur with P. falciparum. During the blood-stage of infection with
Plasmodium spp., the merozoite form of the parasite invades red
blood cells (RBCs; reticulocytes and mature erythrocytes) and
replicates inside them. Cycles of blood-stage replication take approximately 48 h for P. falciparum and P. vivax, but only 24 h for
P. knowlesi. It is during the blood-stage of infection that malaria
disease occurs and understanding molecular and cellular events
involved in merozoite invasion and the host immune responses
to merozoite antigens is crucial for the development of malaria
vaccines and novel therapeutics.
Over the past 10 years, there has been substantial progress
in reducing the enormous burden of malaria globally through
the use of interventions such as insecticide-treated bed-nets,
improved access to early diagnosis and effective treatment of
malaria including the use of highly effective artemisinin combination therapy (ACT). However, emerging resistance to ACTs,
increasing mosquito resistance to insecticides, and evidence of
rebound increases of malaria in some regions, highlights the
need for effective vaccines, new antimalarial agents and other
novel control interventions. Currently, there is no malaria vaccine available. A vaccine targeting sporozoites, known as RTS,S
has completed phase three trials in African children and demonstrated only modest efficacy of 29%–36% (when a booster dose
was given, and varying by age group) (RTSS Clinical Trials Partnership 2015). The development of highly efficacious vaccines
remains a key long-term goal. A number of merozoite antigens
are promising vaccine candidates with some showing partial
efficacy in clinical trials.
In this review, we will summarize recent advances in understanding proteins present on the surface of the merozoite and
their role in host cell invasion and their processing before, during and after invasion. Furthermore, we will highlight the expanding knowledge on protective human immune responses to
merozoite antigens and progress on developing merozoite surface antigens as vaccines. For the purposes of this review, we
define merozoite surface proteins as those that are exposed on
the surface of the merozoite any time prior to invasion, including proteins that relocate from organelles to the merozoite surface. Research on merozoite antigens has focussed heavily on P.
falciparum as the major cause of morbidity and mortality; similar research on P. vivax has been greatly constrained by the inability to readily culture P. vivax in vitro, and available data on
merozoite antigens are limited. Therefore, this review necessarily focuses on P. falciparum, including data on P. vivax and other
human malaria pathogens where available.

Beeson et al.

345

basis for the decline in invasion capacity after egress observed in
vitro (Boyle, Wilson and Beeson 2013). This knowledge of merozoite survival and invasion kinetics is relevant to understanding
immune exposure, and the development of vaccines and therapeutics targeting merozoite invasion (reviewed in Boyle, Wilson
and Beeson 2013).

GPI-anchored merozoite surface proteins
The fibrillar surface coat of merozoites appears to be largely
composed of glycosylphosphatidy inositol (GPI)-anchored proteins, with integral membrane proteins and the peripherallyassociated surface proteins representing a minor portion of the
total surface protein (Gilson et al. 2006). To date numerous GPI
anchored merozoite surface proteins (MSPs) have been identified: these include proteins formally known as MSPs (MSP1,
MSP2, MSP4, MSP5 and MSP10) and the 6-cysteine domain
family proteins, Pf92, Pf38 and Pf12 (Sanders et al. 2005). In addition, other GPI-anchored proteins, rhoptry associated membrane antigen (RAMA) (Topolska et al. 2004a,b), microneme associated cysteine-rich protective antigen (CyRPA) (Reddy et al. 2015)
and GPI-anchored micronemal antigen (GAMA) (Arumugam et al.
2011) migrate to the merozoite surface from organelles prior
to, or during, RBC invasion. While many of these proteins contain cysteine-rich EGF domains and a variety of other globular domains predicted to mediate receptor-binding functions

during the primary recognition and attachment to RBCs, very
little experimental evidence exists to support this function.
Exceptionally little is known about the functional interactions
of GPI-anchored surface proteins; clearly this is an area ready
for major advances. Most merozoite surface GPI-anchored proteins appear to play an essential role/s in merozoite invasion, as
most are reported to be refractory to genetic disruption (MSP5,
Pf38 and Pf12 have been successfully disrupted) (Sanders et al.
2006; Arumugam et al. 2011; Reddy et al. 2015).
Merozoite Surface Protein 1
Merozoite Surface Protein 1 (MSP1) is the most abundant of all
GPI-anchored surface proteins in terms of copy number (Gilson
et al. 2006). MSP1 is expressed as a high molecular mass protein
(MW 180 kDa) that undergoes extensive proteolytic processing
prior to egress of the merozoite from the schizont. This processing modifies the secondary struction of MSP1 so that it can bind
spectrin and mediate RBC rupture (Das et al. 2015). Following processing, the MSP1 protein complex consists of four polypeptide
fragments of MSP1, the 83 kDa N-terminal fragment (MSP183 ),
two internal 30 and 38 kDa fragments (MSP130 & MSP138 ) and
the GPI- anchored C-terminal 42 kDa fragment (MSP142 ) along
with associating proteins MSP6 and MSP7 (Stafford et al. 1996;
Trucco et al. 2001; Pachebat et al. 2007) It has been suggested
that MSP1 has a role in initial contact of the merozoite with
the RBC possibly by binding the cysteine rich EGF-like domains
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Figure 1. ‘Invasion of RBC by P. falciparum merozoites.’ (A) After release from schizonts, most merozoites are thought to invade RBCs within several minutes, although
some may take substantially longer. Invasion commences with initial, or primary, reversible attachment of the merozoite to the RBC surface. The merozoite reorientates, if needed, so that it’s apical end makes contact with the RBC surface. Secondary interactions then occur, mediating strong and irreversible attachment to the
RBC, leading to the release of contents from the rhoptries and the formation of the tight junction. Merozoite invasion then proceeds via an actin-myosin motor, and
processing of many merozoite surface proteins occurs. Invasion is completed by resealing of the RBC membrane, and completion of the processing and shedding of
merozoite surface proteins (image modified from Richards and Beeson 2009). (B) Electron micrographs showing different stages in RBC invasion by a merozoite (from
Boyle et al. 2010b).

Unknown. Appears to be essential

Unknown. Not essential
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Unknown. Forms a heterodimer
with Pf41
Unknown

MSP4

MSP5
MSP10
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Unknown. Appears to be essential

MSP2

Carried into erythrocyte and
maintained during early ring stage
Unknown
Processed from 80Kda to 36Kda
form
Cleaved from the surface during
invasion
Unknown

Carried into erythrocyte then
rapidly degraded

Expressed as a high molecular
mass protein (MW 180Kda) that
then undergoes proteolytic
process into 83-, 30-, 38-kDa and
C-terminal 42-kDa fragment prior
to egress, then further cleaved to
MSP119 and MSP133

Processing

I
I
I
I/II
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I/II
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I/IIa
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(Withers et al. 2006)
(Lawrence et al. 2000) (with MSP2 & RESA)
(Genton et al. 2002) (with MSP2 & RESA)
(Genton et al. 2000) (with MSP2 & RESA)
(Hu et al. 2008) (with AMA1)
(Ockenhouse et al. 1998) (with AMA1 & RESA)
(McCarthy et al. 2011)
(Saul et al. 1999) (with MSP1 & RESA)
(Lawrence et al. 2000) (with MSP1 & RESA)
(Genton et al. 2002) (with MSP1 & RESA))
(Genton et al. 2000) (with MSP1 & RESA)
(Genton et al. 2003) (with MSP1 & RESA)
(Sturchler et al. 1995) (with CSP)
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N

N

N
N

I

(Ockenhouse et al. 2006)

I/II
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GPI-anchored merozoite surface proteins
MSP1
Thought to mediate initial
attachment through binding of
MSP142 to heparin-like
proteoglycans or Band 3, as well as
binding of the MSP1 complex to
the RBC surface. MSP119 is carried
into invaded RBC, and appears
involved in intraerythrocytic
development. MSP133 binds to
S100 to supress inflammation and
chemotaxis

Function

Table 1. Merozoite surface proteins of P. falciparum.
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Bind to 5ABC domain of Band 3
Unknown. Forms a complex with
MSP1 and other proteins

Unknown function. Forms protein
complex with MSP1
Unknown function. Forms protein
complex with MSP1

Unknown

Unknown
Unknown

Unknown. May function as a
protease

MSP9 (ABRA)
MSP3

MSP6

GLURP

SERA3
SERA4

SERA5

MSP7

Unknown
Unknown

Pf92
Pf113
Peripheral surface proteins

Function

Unknown
Shed at tight junction during
invasion
Processed from 120kDa precursor
into P47 and P73 fragments. P73 is
further processed into P50, P6 and
P18 fragments

Cleaved from the surface during
invasion
Produced as a 48kDa precursor,
then processed into MSP733 ,then
processed into MSP722 by PfSUB1
and shed at tight junction during
invasion
Shed from the merozoite surface
during invasion

Unknown
Cleaved from MSP362 by PfSUB1
into MSP344 and shed at tight
junction during invasion

Unknown
Unknown

Processing

I

Ia
Ib
Ib

(Esen et al. 2009) (with MSP3)
(Mordmuller et al. 2010) (with MSP3)
(Belard et al. 2011) (with MSP3)
N
N
(Horii et al. 2010)

Ia

Ib
Ib

(Hermsen et al. 2007)

N

(Esen et al. 2009) (with GLURP)
(Sirima et al. 2007) (Sirima, Cousens and Druilhe
2011)
(Mordmuller et al. 2010) (with GLURP)
(Belard et al. 2011) (with GLURP)
N

Ia
Ib

I

N
(Audran et al. 2005)

N
N

Phase

Vaccine trials1
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Function

Binds to glycophorin A, triggers
release of rhoptry proteins to
merozoite surface
Binds to sialic acids on RBCs and
band 4.1
Binds to glycophorin B

EBA175

MTRAP

EBL1

Binds to aldolase, may be involved
in merozoite reorientation or
formation of tight junction

Binds to glycophorin C

EBA140

Ia
I
I
I
I
I
I
I
IIa
I
II
II
I/IIa

I

N

(Sheehy et al. 2012b)
(Roestenberg et al. 2008)
(Saul et al. 2005)
(Polhemus et al. 2007)
(Mullen et al. 2008)
(Thera et al. 2008)
(Dicko et al. 2008)
(Hu et al. 2008) (with MSP1)
(Thompson et al. 2008) (with CSP)
(Genton et al. 2007) (with CSP)
(Thera et al. 2011)
(Sagara et al. 2009a)
(Ockenhouse et al. 1998) (with MSP1 & SERA)
N
(El Sahly et al. 2010)

Unknown

Shed from the surface during
invasion
Shed from the surface during
invasion
Unknown

Shed from the surface during
invasion
Cleaved by ROM protease; shed
from the surface during invasion

N

N

N

II

(Palacpac et al. 2013)
N

Unknown

Processed from 83kDa precursor
into 66 kDa species and partially
cleaved during invasion

Phase

Vaccine trials1

Processing
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EBA181/JESEBL

Binds to RON2 to mediate the tight
junction formation and
irreversible attachment

AMA1

Unknown. May function as a
protease
Pf41
Unknown. Complexed with Pf12
on the merozoite surface
Microneme proteins released onto the merozoite surface

SERA6

Table 1. (Continued).
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Binds to aldolase and semaphorin
A, may be involved in merozoite
reorientation or formation of tight
junction
Binds to a non-sialylated receptor
on the erythrocyte surface

Function

N

N
N
N
N
N

Unknown

Unknown
Unknown
Unknown
Unknown
Produced as 170kDa protein
during trophozoite stage then
processed into a 60kDa form
Expressed as 90kDa protein during
late schizonts, then cleaved to
50kDa and released from the
rhoptries during invasion

N

N

Unknown

Unknown

N

N

Unknown

Only vaccine trials conducted in humans are indicated, and whether the trial was a phase I or II.

Protease that processes merozoite
surface proteins prior to invasion,
including MSP1, MSP6, MSP7, and
SERAs. Released from exonemes
Protease involved in shedding of
merozoite surface proteins during
invasion

Binds to unknown receptor on
erythrocyte surface

N

N

N

Vaccine trials1

Expressed as 85kDa precursor
then processed to P37-P49 dimer
and P49 further processed into P42
and residual stub. The P37-P42
dimer is shed during invasion
Unknown

Unknown

Processing
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1

SUB2

Others
SUB1

RALP1

Tethers PfRH5-PfRipr protein
complex to GPI anchor
PfRipr
Forms complex with PfRH5 and
CyRPA
Rhoptry proteins released onto the surface
PfRH1
Binds to sialic acids (unknown
receptor) on the RBC surface to
initiate calcium signaling leading
to release of EBA175
PfRH2a
Binds to unknown receptor on RBC
surface
PfRH2b
Binds to unknown receptor on RBC
surface (receptor Z)
PfRH4
Binds to CR1 to mediate invasion
PfRH5
Binding to basigin receptor on
RBCs
RAMA
Binds to unknown receptor on
erythrocytes

CyRPA

GAMA

PTRAMP

Table 1. (Continued).
Phase
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of MSP119 , via some type of proteoglycan with heparin-like
side chains or similar structure (Boyle et al. 2010a), or Band
3 in complex with other merozoite antigens (Goel et al. 2003;
Kariuki et al. 2005). It has also recently been reported that the
N-terminal region of MSP183 interacts with glycophorin A as an
essential mediator of invasion (Baldwin et al. 2015). During invasion MSP1 undergoes further processing with the MSP142 fragment being cleaved to MSP119 and MSP133 (Blackman and Holder
1992; Stafford et al. 1994). The MSP119 GPI anchored fragment is
carried into the invaded RBC (Blackman et al. 1990) where it localizes to the developing food vacuole during ring/trophozoite
formation (Dluzewski et al. 2008). MSP1 is broadly regarded as dimorphic, but it is highly polymorphic with substantial polymorphisms across the protein, particularly in the MSP133 (which has
two allelic groups) and MSP1-block 2 regions (which as three allelic groups), whereas the C-terminal MSP119 region is relatively
conserved across P.falciparum isolates (Miller et al. 1993; Barry
et al. 2009; Holder 2009).

Merozoite surface proteins 4 and 10
MSP4 and MSP10 are similar to MSP1 in that they contain double EGF-like domains adjacent to their C-terminal GPI anchor
attachment points, which are highly immunogenic (Black et al.
1999; Black et al. 2003). MSP4 is expressed as a 40 kDa protein that
remains on the surface of merozoites during invasion and can be
detected on the developing intraerythrocytic parasite (Boyle et al.
2014). Its definitive role in merozoite invasion is unknown, but it
may aid parasite development post-invasion. MSP10 is initially
expressed as an 80 kDa protein and is subsequently processed
down to a smaller 36 kDa form which localizes to the apical end
of merozoites (Black et al. 2003). No RBC receptor for either MSP4
or MSP10 has been identified.
Merozoite surface protein 5
In P. falciparum, MSP5 is closely related to MSP4 and is located
between the genes encoding MSP2 and MSP4 on chromosome 2

Pf12, Pf38 and Pf92
Pf12, Pf38 and Pf92 belong to a family of 6-cysteine domain family proteins. All three GPI-anchored proteins are expressed during blood-stage replication and are found on the surface of the
merozoite (Sanders et al. 2006). While the role of these proteins
in merozoite invasion is unknown, 6-cys domain proteins have
essential roles in other stages of the parasite life-cycle and are
implicated in mediating the development of transmission stages
(van Dijk et al. 2010; Sala et al. 2015) and recognition and invasion
of hepatocytes (Ishino, Chinzei and Yuda 2005). It has been suggested that 6-cys domain proteins have structural similarity to
Toxoplasma SAG proteins (Gerloff et al. 2005) that may interact
with heparin-like surface receptors (Jacquet et al. 2001; He et al.
2002).

GPI-anchored rhoptry proteins released
onto the merozoite surface
RAMA
RAMA is expressed as 170 kDa protein in early trophozoites
where it initially localizes to the golgi membrane (Topolska et al.
2004a). It is later proteolytically processed to yield a smaller
p60 kDa form that is bound to the inner membrane of the rhoptry via its C-terminal GPI anchor (Topolska et al. 2004a). Following egress, p60 RAMA is released from the surface, binds to an
unidentified receptor on the RBC surface and becomes associated with the parasitophorous vacuole in early ring stage parasites (Topolska et al. 2004a).

GPI-anchored microneme proteins released
onto the merozoite surface
Cysteine-rich protective antigen
The recently described CyRPA is expressed as a 35 kDa protein in
the micronemes and subsequently migrates to the apical end of
the merozoite surface. CyRPA binds PfRH5 and PfRipr proteins to
form a 200 kDa complex involved in binding basigin (mediated
by PfRH5) on the RBC surface (Reddy et al. 2015). While CyRPA
does not exhibit RBC binding activity, antibodies against CyRPA
appear to inhibit merozoite invasion by blocking its interaction
with PfRH5 and PfRipr, which are peripheral-associated proteins
that lack transmembrane domains and rely on CyRPA to tether
them to the merozoite surface. Sequence analysis suggests that
CyRPA is not under immune selection pressure, and is highly
conserved, with only a single polymorphism detected across 18
P. falciparum strains (Dreyer et al. 2012), These properties, combined with the fact that antibodies raised against recombinant
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Merozoite surface protein 2
The second most abundant GPI anchored merozoite surface protein, by copy number, is MSP2, which is an approximately 25 kDa
protein with an observed weight of 40–50 kDa (Gilson et al. 2006).
As is common for several other MSPs, MSP2 is dimorphic, existing in two main allelic forms (3D7-like and FC27-like), sharing N- and C-terminal regions, with strain-specific variable regions (Fenton et al. 1991). The strain-specific region is made
up of repeating units; 3D7-like forms contain repeating units
of Gly, Ser and Ala, while FC27-like forms contain 32-, 12- and
8-mer sequence repeats. Both forms of MSP2 are largely unstructured, but full length recombinant proteins form fibrils under physiological conditions (Adda et al. 2009). Fibril formation
is mediated through the N-terminal region (Low et al. 2007)
and this region may also have membrane interaction properties
(Zhang et al. 2008). It is unknown whether native MSP2 forms
fibril-like or other complexes; however, there is some evidence
that oligomers of MSP2 are found on the surface of merozoites
(Adda et al. 2009), with a number of interactions between MSP2
molecules being hypothesized (Yang et al. 2010). Recent studies
suggest that the N-terminal region of MSP2 may interact with
the lipid membrane of the merozoite (MacRaild et al. 2012). MSP2
appears to be essential for invasion and is retained on the surface during invasion and degraded soon after invasion is complete (Boyle et al. 2014). However, its precise role is unknown, and
no receptor–ligand interactions or binding of MSP2 to RBCs have
been described.

of P. falciparum (Marshall, Tieqiao and Coppel 1998). Similar to
MSP4, MSP5 encodes a protein of 272 amino acids in length and
contains a GPI anchor-attachment signal and EGF-like domains
at the C-terminus (Wang et al. 1999). MSP5 has been localized to
the surface of merozoites (Wu et al. 1999), but its function is not
known. MSP5 can be disrupted in P. falciparum with no apparent growth defect suggesting that it is not essential to parasite
growth in vitro (Sanders et al. 2006). However, MSP5 appears to
be highly conserved across P. falciparum isolates (Wu et al. 1999;
Polson et al. 2005) and PfMSP5 antibody levels have been reported
to be significantly associated with reduced incidence of clinical
malaria (Perraut et al. 2014), making it a potential candidate for
a strain-transcending blood-stage P. falciparum vaccine. Further,
antibodies to PfMSP5 cross react with PvMSP5, suggesting that it
is a potential cross-species vaccine target (Woodberry et al. 2008).

Beeson et al.

CyRPA are capable of inhibiting merozoite invasion (Reddy et al.
2015), make CyRPA an attractive vaccine candidate for further
investigation.

GPI-anchored micronemal antigen
GAMA is an 85 kDa micronemal protein and, bioinformatic analysis suggests that GAMA subsequently migrates to the surface
of merozoites where it undergoes primary and secondary processing events (Haase et al. 2008; Hinds et al. 2009). This generates two species of GAMA heterodimers: p37+p49 and p37+p42,
which are shed from the merozoite, with only a short GPI anchored ‘stub’ left bound to the surface (Arumugam et al. 2011).
Studies suggest that motifs in the C-terminal third of the protein mediate binding to a non-sialylated receptor on the RBC
surface (Arumugam et al. 2011). Because of this, GAMA has been
proposed to be involved in a sialic acid-independent invasion
pathway. Antibodies to the C-terminal portion of GAMA inhibit
merozoite invasion, this inhibition is significantly enhanced by
the addition of antibodies to EBA 175 (Arumugam et al. 2011).

Integral membrane proteins anchored to the merozoite surface
by C-terminal transmembrane domains can be broadly classified into two separate classes: (i) alternative invasion ligands
that are collectively essential for RBC invasion, but mediate overlapping and redundant functions, and are therefore individually
dispensable; and (ii) essential invasion ligands that have nonredundant roles in RBC invasion. Defining invasion pathways
largely relies on studying invasion into RBCs that have either
been treated with enzymes to modify or cleave surface proteins
or that have mutant or absent host receptors (Egan et al. 2015).
The most commonly used enzymes to study RBC receptors are
neuraminidase, which removes sialic acid residues from sialoglycoproteins, and trypsin or chymotrypsin, which cleave surface proteins at specific peptide moieties. In P. falciparum, the
alternative invasion ligands consists of two families, the EBAs
(EBA175, EBA140, EBA181 and EBL1) and the PfRH family (PfRH1,
PfRH2a, PfRH2b and PfRH4). PfRH5 is an additional member of
this family, but it differs in that it appears to play an essential
non-redundant role, and it is not an integral membrane protein
(Baum et al. 2009). All the EBA and PfRH proteins (except PfRH5)
can be disrupted in P. falciparum, resulting in changes in invasion phenotype (Reed et al. 2000; Duraisingh et al. 2003; Maier
et al. 2003) and susceptibility to human antibodies (Persson et al.
2008; 2013). To date, only some RBC receptors that bind these
ligands have been identified.

Erythrocyte binding antigens
The EBAs are microneme-derived proteins that are released
onto the merozoite surface where they localize to the apical
end of merozoites. EBA175, 140 and 181 each have N-terminal
Duffy binding-like domains termed F1 and F2, which share a
conserved structure and are involved in binding RBC receptors
(Adams et al. 1992) (Adams et al. 2001) and regulating the strength
and specificity of the ligand-receptor interaction (Maier et al.
2009). EBA175 binds to glycophorin A, a sialoglycoprotein on
the RBC surface (Sim et al. 1994) whereas EBA140 binds to glycophorin C (Lobo et al. 2003; Maier et al. 2003), EBL1 to glycophorin
B (Mayer et al. 2009) and EBA181 to sialic residues on the RBC surface and to band 4.1 (Gilberger et al. 2003; Lanzillotti and Coetzer
2006).

PfRH proteins
PfRH1, 2 and 4 are large (>200 kDa) rhoptry-derived proteins.
While the members of the PfRH protein family share a low degree of sequence homology, modelling studies based upon the
solved crystal structure of the peripherally associated PfRH5
suggest that the membrane bound PfRH proteins adopt a similar ‘Kite-like’ conformation with receptor binding sites located
at their tip (Wright et al. 2014). PfRH1 appears to function earlier
than other members, and binds to an unknown sialated receptor
protein on the RBC surface (Rayner et al. 2000; Rayner et al. 2001)
triggering a calcium flux in merozoites that leads to the release
of EBA 175 from the micronemes (Gao et al. 2013; Singh, More and
Chitnis 2014). PfRH2a and PfRH2b are closely related proteins
which share a high degree of sequence homology throughout
the N-terminal and central domains of each protein, but contain
highly divergent C-terminal cytoplasmic domains (Rayner et al.
2000; Duraisingh et al. 2003; Dvorin et al. 2010). Both PfRH2a and
PfRH2b appear to bind to similar receptors (Triglia et al. 2011).
The receptor for PfRH2b has been labelled ‘receptor Z’, which is
resistant to cleavage by trypsin (Duraisingh et al. 2003). PfRH4
binds to complement receptor 1 (CR1) (Tham et al. 2011). Several studies have shown that P. falciparum can use alternative invasion receptor-ligand pathways by modulating the expression
and utilization of EBA and PfRH proteins; for example, in-vitro
loss of EBA175 has been shown to induce a compensatory upregulation of PfRH4 (Stubbs et al. 2005), and the loss of PfRH2b
function was found to lead to an increased reliance on sialic acid
dependent invasion ligands (Duraisingh et al. 2003).
Apical membrane antigen 1
Apical membrane antigen 1 (AMA1) is a highly structured type-1
integral membrane protein (88 kDa) and is proteolytically processed into a smaller 66 kDa species within the micronemes
prior to relocalization to the merozoite surface (Narum and
Thomas 1994). The exposed ectodomain of AMA1 contains 16
cysteine residues which form 8 disulphide bonded pairs and
mediate the formation of 3 defined domains, each with several
protruding loops that are hot spots for polymorphic residues
(Hodder et al. 1996). The folded ectodomain also forms a distinct hydrophobic cleft which is involved in binding its parasitederived receptor, PfRON2, after the translocation of the RON2/4/5
complex from the rhoptries into the RBC membrane (Besteiro
et al. 2009; Lamarque et al. 2011; Srinivasan et al. 2011; Tonkin
et al. 2011; Lamarque et al. 2014). PfRON2 contains several internal transmembrane domains and spans both sides of the RBC
membrane (Lamarque et al. 2011). This results in a C-terminal
domain of PfRON2 adopting an exposed loop conformation on
the surface of RBCs that can directly interact with the hydrophobic cleft of AMA1 (Lamarque et al. 2011; Srinivasan et al. 2011;
Tonkin et al. 2011). In contrast PfRON4 and PfRON5 do not contain transmembrane domains and remain exclusively within
the RBC cytosol while in complex with PfRON2 (Chen et al.
2011). The interaction between AMA1 and the RON complex has
been proposed to initiate the formation of the moving junction
(Lamarque et al. 2011). However, the process by which this occurs
remains unclear. While the cytoplasmic tail of AMA1 contains
indispensable amino acid sequence motifs known to interact
with aldolase (Treeck et al. 2009) there is no evidence that AMA1
directly engages with the actin-myosin invasion machinery of
the merozoite. It is also proposed that the phosphorylation of
Ser610 in the cytoplasmic domain of AMA1 by protein kinase A
may also be a signalling event to coordinate merozoite invasion
(Treeck et al. 2009; Leykauf et al. 2010). Recent AMA1 knock-down
(Giovannini et al. 2011) and knock out (Bargieri et al. 2013) studies
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in Toxoplasma gondii and the rodent malaria P. berghei have questioned whether AMA1 plays an essential role in merozoite invasion. However, in P. falciparum AMA1 cannot be deleted (Triglia
et al. 2011), with antibodies and AMA1-binding peptides strongly
inhibiting invasion (Lamarque et al. 2011; Srinivasan et al. 2011;
Tonkin et al. 2011; Lamarque et al. 2014) and the knock-down of
AMA1 leading to loss of invasion (Yap et al. 2014), strongly suggesting that in P. falciparum AMA1 is an essential invasion ligand.

Peripherally-associated merozoite surface proteins
The peripherally associated merozoite surface proteins consist
of a diverse array of proteins that do not have transmembrane
domains or GPI anchors to directly link them to the merozoite
surface; these proteins include MSP7, the MSP6/MSP3-family of
proteins, SERA proteins, PfRH5/PfRipr, RALP1 and GLURP.
MSP3-MSP6 family of proteins
MSP6 is expressed as a 36 kDa protein that is released on to
the merozoite surface where it then associates with the MSP138
component of the MSP1 complex prior to merozoite invasion, via
a leucine zipper-like domain present at its C-terminus (Kauth
et al. 2003; Kauth et al. 2006). MSP6 is also known as MSP3.2,
and is a member of the MSP3-like multigene family that contains 8 members, all of which are arranged contiguously on
chromosome 10 of P. falciparum. While the function of MSP6
is not known, MSP6 derived peptides have been reported to
bind to the surface of RBCs (Lopez et al. 2006). All members of
the MSP3 gene family (MSP3.1-MSP3.8) contain the signature
N-terminal amino acid sequence NLRNA/G, while only 6 members share a similar C-terminal sequence organization (Singh
et al. 2009). While it does not appear that the two MSP3 members lacking the conserved C-terminal structure (MSP3.5 and
MSP3.6) are expressed during the erythrocytic stages, the remaining 6 members (MSP3/MSP3.1, MSP6/MSP3.2, MSP3.3, PfMSPDBL1/MSP3.4, MSP3.7 and MSP3.8) all appear to be simultaneously expressed as peripherally- associated merozoite surface
proteins (Singh et al. 2009). The function of the MSP3-family pro-

MSP7-family proteins
MSP7 is also a member of large multigene families that are found
across many Plasmodium species, and is anchored to the merozoite surface non-covalently via the MSP1 complex. MSP7 expression is concurrent to that of MSP1 and both proteins become associated with each other prior to their migration to the
merozoite surface (Pachebat et al. 2001; Pachebat et al. 2007).
While MSP7 can be disrupted, the loss of MSP7 significantly reduces RBC invasion efficiently of knock out parasites, which suggests that MSP7 plays an important, but non-essential, role in
merozoite invasion in vitro (Kadekoppala et al. 2008). While several other members of the MSP7 gene family are transcribed in
trophozoite and schizont stages (Mello et al. 2002), it remains
unclear whether there is a redundancy of function at a protein
level that may allow parasites with disrupted MSP7 to still invade
RBCs. Antibodies raised against MSP7 do not strongly inhibit RBC
invasion (Kauth et al. 2006). In P. falciparum, MSP7 is part of gene
family consisting of 6 members, which appear to have arisen
due to genetic duplication events. The N-terminal signal peptide and C-terminal domains of MSP7 family members are more
highly conserved than the central domains, which in MSP7 are
unstructured but highly acidic (Kadekoppala and Holder 2010).
As the C-terminal domain of MSP7 mediates its interaction with
MSP1 it is possible that other members of the MSP7 gene family may perform related functions. Apart from its association
with MSP1, very little is known about the function of MSP7;
MSP7 derived peptides show some ability to bind the RBC receptor B and 3 (Garcia et al. 2007), but these experiments are not
definitive.
Serine-rich antigen family
The SERA family of proteins is expressed in late stage schizonts where they localize to the parasitophorous vacuole. All
SERA proteins contain a serine (SERA 1–5 and 9) or cysteine
(SERA 6–8) catalytic domain, which shares modest homology
to the canonical domains found in the papain-family of proteases (Hodder et al. 2003). While the exact function of the SERAs
is not known, anti-SERA5 antibodies or cysteine protease inhibitors inhibit schizont rupture and it has been proposed that
SERA proteins may be responsible for the proteolytic cleavages required for merozoite egress (Delplace et al. 1987; Knapp
et al. 1991). While several members of the SERA family can be
genetically disrupted, as a group they appear to play an essential role in blood-stage development. Disruption of SERA4
is reported to elicit a concordant increase in SERA5 expression
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MTRAP and PTRAMP
In addition to AMA1, two non-redundant transmembrane
MSPs have been identified to date: merozoite- specific
thrombospondin-related anonymous protein (MTRAP) and the
thrombospondin- related apical membrane protein (PTRAMP).
MTRAP and PTRAMP both contain thrombospondin repeat
(TSR)-like domains and are part of the TSR superfamily,
which includes sporozoite expressed proteins such as circumsporozoite surface protein (CSP) (Plassmeyer et al. 2009) and
thrombospondin-related anonymous protein (TRAP) (Tucker
2004; Tossavainen et al. 2006). On sporozoites, TRAP plays a
role in mediating gliding motility by engaging the actin-myosin
motor via its cytoplasmic domain and hepatocytes surface
receptors through its extracellular TSR domains (Menard 2000;
Buscaglia et al. 2003; Morahan, Wang and Coppel 2009), and it
is thought that the TSR domains of MTRAP and PTRAMP may
perform similar functions. MTRAP binds to semaphorin-7A on
RBCs (Bartholdson et al. 2012). Neither MTRAP or PTRAMP can
be disrupted (Thompson et al. 2004; Baum et al. 2006), and the
cytoplasmic domains of both proteins bind aldolase, an actin
binding protein involved in the moving junction, suggesting
that they may play an essential role in merozoite reorientation
or tight junction formation (Baum et al. 2006), however recent
imaging studies suggest that MTRAP does not play a direct role
in entry of the merozoite into the RBC (Riglar et al. 2015).

teins is not known, however, several members of the MSP3 gene
family have been genetically truncated (MSP3/MSP3.1, MSP3.3
and MSP3.6) with little or modest effects on in vitro parasite
growth (Mills et al. 2002), suggestion that some functional complementation may exist.
MSP3 (MSP3.1) is a 48 kDa merozoite surface protein that
was initially identified by screening of a P. falciparum genome
wide expression library (Oeuvray et al. 1994). MSP3 has since become a strong blood-stage vaccine candidate, and its C-terminal
domain is completely conserved across P. falciparum isolates
(Oeuvray et al. 1994). In addition to its conserved C-terminal
domain structure PfMSPDBL1/MSP3.4 also possesses a Duffybinding like domain structurally similar to those found in the
EBAs (Sakamoto et al. 2012). Recombinant PfMSP1DBL has been
shown to bind RBCs, suggesting that it may play a role merozoite
attachment. Antibodies raised against recombinant PfMSP-DBL
protein inhibit parasite invasion in a dose dependant manner
(Sakamoto et al. 2012).
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(McCoubrie et al. 2007) and neither SERA5 nor SERA6 can be
deleted (Miller et al. 2002; McCoubrie et al. 2007). While primarily active in schizonts, SERA5 is proteolytically processed upon
schizont rupture, with the N- and C-terminal portions of SERA5
remaining associated with the merozoite surface after their release (Debrabant and Delplace 1989). However the function of
these shed fragments is yet to be determined.

Rhoptry-associated lecine zipper-like protein
The rhoptry-associated, leucine zipper-like protein (RALP1) is a
RBC binding protein. Expressed as a 90 kDa protein in late stage
schizonts, it undergoes proteolytic cleavage to 50 kDa, which is
released from the rhoptries during merozoite invasion (Haase
et al. 2008). While the N-terminal fragment of RALP1 is shed, the
50 kDa C-terminal fragment contains the leucine zipper-like motif predicted to mediate protein-protein interaction and binds to
an unknown receptor protein on the RBC surface (Haase et al.
2008; Ito et al. 2013). RALP1 is refractory to gene knockout and
is thought to be involved the formation of the moving junction.
Anti-RALP1 antibodies raised against the C-terminal fragment
inhibit merozoite invasion, but not merozoite attachment to the
RBC membrane (Ito et al. 2013).
Glutamate-rich protein (GLURP)
The glutamate-rich protein (GLURP) is expressed on the merozoite surface and has a predicted molecular mass of 145 kDa,
with two tandem repeat regions designated R1 and R2, and an
N-terminal non-repeat region which has limited diversity (R0)
(Borre et al. 1991; Hogh et al. 1993). The function of GLURP is unknown; antibodies to it do not inhibit invasion, and it is shed
from the merozoite surface during invasion (Theisen et al. 1998).
However, GLURP has been a strong focus of vaccine development
and has progressed to phase 1 vaccine trials (Table 1).

Similarities and differences between merozoite
proteins of P. vivax and P. falciparum
Much less is known about the merozoite surface proteins of
P. vivax because of the inability to readily culture P. vivax in
vitro and use molecular genetic approaches to study the roles
of key proteins. These limitations have been a barrier to understanding P. vivax invasion biology and immunity, and the devel-

opment of effective vaccines. In broad terms, many key invasion events and interactions are expected to be similar to those
of P. falciparum since P. vivax has orthologous genes for many
P. falciparum merozoite proteins (Moreno-Perez et al. 2014). While
an extensive review of P. vivax merozoite surface proteins will
not be provided here, it is valuable to reflect on some key differences and similarities, as this is relevant to developing vaccines and therapeutics. Of note, obvious orthologues are absent
in P. vivax for a number of essential and/or abundant P. falciparum
proteins, some of which are promising P. falciparum vaccine
candidates.
Unlike P. falciparum, P. vivax has a very strong preference for
invasion of reticulocytes and is largely restricted to invading
young reticulocytes that still bear CD71 (Malleret et al. 2015).
In addition, efficient invasion by P. vivax requires the Duffy
antigen on reticulocytes, although invasion into Duffy-negative
reticulocytes can occur (Ryan et al. 2006). In contrast, P. falciparum can efficiently invade Duffy negative RBCs and mature
erythrocytes.
Plasmodium vivax has orthologues of MSP1, MSP6 and MSP7,
which appear to play a role in invasion (Cheng et al. 2013), suggesting there is a functional MSP1-like complex as for P. falciparum. Further, there are orthologues of several other merozoite
surface proteins MSP4, MSP5, MSP9, MSP10, SERA5 and the 6cyteine-domain family of proteins. However, there is no obvious
orthologue for MSP2, which is an essential and abundant protein in P. falciparum, and a promising vaccine candidate. Like P.
falciparum, P. vivax as a multigene PvMSP3 family (Carlton et al.
2008); however, these are not clear homologues of PfMSP3 proteins and have significant sequence and structural differences
from P. falciparum (Rice et al. 2014). While P. vivax lacks the same
family of EBA and PfRH proteins found in P. falciparum, related
proteins are present, including Duffy-binding protein (DBP) and
the reticulocyte-binding proteins (RBPs). PvDBP plays an important role in invasion, binding to the Duffy blood group antigen
on the surface of reticulocytes, and is related to the EBA family of proteins, each of which contain Duffy-binding-like domains (Batchelor, Zahm and Tolia 2011; Batchelor et al. 2014)
(Adams et al. 1992) (Adams et al. 2001). For some time, it was
thought that PvDBP1 was essential for P.vivax invasion. However, recent studies have revealed that the PvRBP family contains
11 members, two of which (PvRBP1 and PvRBP2) can bind reticulocytes independently of the Duffy antigen, suggesting that
P.vivax may also possess alternate pathways for merozoite attachment/reorientation (Li and Han 2012), as seen for P. falciparum. Although P. vivax lacks an obvious PfRH5 orthologue, it
does have orthologues for PfRipr and PfCyRPA, which form an
invasion complex with PfRH5. Additionally, orthologues for the
PfAMA1-RON2/4/5/8 complex are present in the P. vivax genome
and PvAMA1, and PfAMA1 have very similar structures (ArevaloPinzon et al. 2011, 2013, 2015; Tonkin et al. 2011; Cheng et al. 2015).
However, further studies are needed to confirm functional homology of AMA1 across species. Orthologues for several other
P. falciparum micronemal and rhoptry proteins are present in
P. vivax, including GAMA and MTRAP.
The differences between these two major species of human
malaria highlight the need for caution when inferring function of P. vivax proteins from studies of P. falciparum, or other
species, and emphasize the need to dramatically advance our
understanding of the merozoite surface proteins of P. vivax.
Although orthologues have been identified in P. vivax, the function of these proteins is yet to be established for the majority of
these proteins.
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PfRH5 and PfRipr
Following attachment to the RBC via EBA and PfRH protein
families, the next stage of invasion involves PfRH5 and the
PfRH5-interacting-protein (PfRipr). While distantly related to
the PfRH family (15–30% sequence similarity), PfRH5 is unique
in that it is much smaller (45 kDa) and does not possess a
C-terminal transmembrane domain (Baum et al. 2009). The
rhoptry-derived PfRH5 and microneme-associated PfRipr associate together on the surface of the merozoite by binding to
the GPI-anchored CyRPA (Reddy et al. 2015). Mature PfRipr is a
large (123 kDa) and highly structured protein, with 10 epidermal growth factor-like domains and 87 cysteine residues distributed along its length (Chen et al. 2011). It is currently thought
that PfRipr acts as a scaffold for the presentation of PfRH5 to
the erythroctye surface (Chen et al. 2011). While all members
of this complex are refractory to disruption and can be targeted by invasion-inhibitory antibodies (Baum et al. 2009) (Chen
et al. 2011; Reddy et al. 2015), only PfRH5 makes direct contact
with the basigin receptor on the surface of the RBC (Crosnier
et al. 2011).
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Processing of merozoite proteins before, during
and after invasion
Distinct processing of merozoite surface proteins before, during
and after invasion, highlights the sophisticated protease machinery that has evolved for invasion and the diverse roles of
different merozoite surface proteins (Fig. 2). In some cases, processing events and proteases involved are well defined. In other
cases, the precise mechanisms and proteases are still unclear.
Furthermore, nearly all knowledge of merozoite protein processing is based on studies with P. falciparum, and P. knowlesi, due to
the difficulty in maintaining P. vivax in culture. While conservation of processes is hypothesized, these inferences are yet to be
confirmed experimentally, and there may be significant differences in major events between Plasmodium species.

Processing during invasion
Processing of merozoite proteins is also essential during the invasion process (Fig. 2B). Many surface proteins are cleaved and
shed from the surface of the merozoite during invasion; however, not all surface proteins are cleaved or processed, with some
being retained on the surface during invasion, indicating that
cleavage and shedding is a selective process. Release of proteins anchored to the merozoite via GPI or other membrane
anchor requires specific protein cleavage. For MSP1, cleavage
of the GPI-anchored MSP1-42 fragment results in the release of
MSP1-33 , while the MSP1-19 fragment is carried into the RBC
upon invasion (Blackman and Holder 1992). PfSUB2 also cleaves
merozoite antigens AMA1 and PTRAMP (Harris et al. 2005; Green
et al. 2006). Unlike PfSUB1, substrate specificity of PfSUB2 does
not require a specific protein sequence and is instead based
on proximity of substrates to the PfSUB2 protease active site
(Green et al. 2006; Olivieri et al. 2011). SUB2 protease activity
against other proteins appears to occur in a non-sequence specific manner at juxtamembrane sites via cleaving disordered regions based on relative distances from the membrane. In isolated merozoites, some shedding of MSP1 from the parasite surface occurs in the absence of invasion; however, erythrocyte invasion is required for complete shedding to occur (Blackman
et al., 1990, 1993, 1994, 1996; Blackman and Holder 1992; Boyle
et al. 2010b). This shedding, along with other surface proteins
that are not membrane-anchored (for example, MSP3, MSP7,
SERA4 and SERA5) occurs at the tight junction between the invading merozoite and RBC (Blackman et al. 1996; Boyle et al.
2010b, 2014; Riglar et al. 2011). However, following egress, PfSUB2
protease rapidly translocates in an actin and cytoplasmic domain dependent manner from the apex to the posterior of the
merozoite in isolated merozoites (Harris et al. 2005; Child et al.
2013) and it appears that translocation occurs prior to the shedding of MSP1 (Riglar et al. 2011). This suggests that cleavage by
PfSUB2 and shedding at the tight junction are distinct, separate
and specific mechanisms. A SUB2 orthologue is present in P. vivax, and many surface proteins have orthologues between P. falciparum and P. vivax (Carlton et al. 2008), suggesting that some
cleavage and shedding mechanisms may be conserved.
Along with SUB2 processing, the rhomboid protease ROM
family also appears important in the shedding of merozoites surface proteins during invasion, specifically PfROM1
and PfROM4 (for a review of ROM proteases see Santos, Graindorge and Soldati-Favre 2012). ROM proteases cleave proteins
in a site-specific manner within transmembrane domains and
cleave merozoite proteins PfEBA175 (O’Donnell et al. 2006), other
PfRH and PfEBA family proteins, PfMTRAP (Baker, Wijetilaka and
Urban 2006) and PfAMA1 (Howell et al. 2005; Olivieri et al. 2011).
As with PfSUB2 mediated-processing, cleavage by PfROM is essential for invasion at least for some proteins; PfEBA175 mutants
that are refractory to processing are non-viable (O’Donnell et al.
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Processing before invasion
In the final stages of merozoite maturation (Fig. 2A), multiple
protein processing events occur to initiate egress of mature
merozoites from the schizont and to ensure that invasion ligands are correctly processed and ready to mediate invasion.
As central player in the maturation of the merozoite prior
to egress is the calcium dependent redox switch subtilisin protease, PfSUB1 (Withers-Martinez et al. 2014). Around the time of
egress, PfSUB1 is released from merozoite exonemes into the
parasitophorous vacuole lumen (Yeoh et al. 2007; Koussis et al.
2009). Once released, PfSUB1 processes SERA family proteins, including processing of SERA6 to an active cysteine proteases form
(Silmon de Monerri et al. 2011; Ruecker et al. 2012). This processing is thought to be required for the activation of SERA proteins
that then mediate merozoite egress from the schizont (Ruecker
et al. 2012). These processes may be conserved in both P. vivax
and P. knowlesi; both species express SUB1 orthologues which
appear to have conserved substrate binding pockets, along with
SERA cleavage sequence sites (Withers-Martinez et al. 2012).
PfSUB1 is also responsible for extensive proteolytic processing of major merozoite surface proteins, including MSP1, which
is processed from the high molecular mass protein (MW 180
kDa), to MSP183 , MSP130 , MSP138 and the C-terminal GPI anchored MSP142 fragments. Disruption of MSP1 cleavage renders
the merozoite non-invasive (Child et al. 2010). MSP6 and MSP7,
which form a complex with MSP1 on the parasite surface, are
also processed by PfSUB1, undergoing a N-terminal truncation
to their mature forms (Stafford et al. 1996; Pachebat et al. 2001;
Trucco et al. 2001; Pachebat et al. 2007). Prior to the translocation of the MSP1 complex to the merozoite surface, MSP7 undergoes a primary processing step, releasing an N-terminal 20
kDa fragment which is rapidly degraded and leaving a 33 kDa Cterminal fragment (MSP733 ) associated with MSP1. When MSP1
is processed into its four polypeptide components, MSP733 undergoes a secondary cleavage event which yield the C-terminal
22 kDa form (MSP722 ) (Pachebat et al. 2001, 2007). It appears likely
that the PfSUB1 processing of proteins is required for the maturation of these proteins so they gain invasion function; it has
been shown that only processed but not full length MSP1 can
form a complex with MSP6 (Kauth et al. 2006) and only the processed MSP142 , but not full-length MSP1, can bind heparin-like
polysaccharides (Boyle et al. 2010a). Furthermore, recent studies
report that MSP1 processing is required for binding to spectrin
that is required for RBC rupture (Das et al. 2015). Orthologues of
MSP1 and MSP7 are found in P. vivax (Carlton et al. 2008), and
it may be likely that PvSUB1 also mediates processing of these
proteins.

Bioinformatic and proteomic approaches have identified
substrate preference sequence for PfSUB1 and based on this, a
number of other possible target proteins have been identified including MSP3 and other MSP3-family proteins, MSP7-like family
proteins (MSRP 2,3,4,5), MTRAP, RAMA, RAP1/2, SERA proteins,
RhopH2/3, CLAG and falcipain-3 and plasmepsin IX and IV (Silmon de Monerri et al. 2011). This suggests that PfSUB1 is a key in
coordinating both egress and final maturation of the merozoite,
and it has been proposed that PfSUB1, which is conserved across
P. vivax and P. knowlesi, may be targetable for a pan-species antimalarial drug (for review of PfSUB1 see Withers-Martinez et al.
2012)
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Figure 2. ‘Processing of merozoite proteins before, during, and after invasion.’ (A) Prior to invasion, PfSUB1 is released from the merozoite into the parasitophorous
vacuole lumen where it processes SERA proteins and a number of merozoite surface proteins. This activates SERA proteins so they can mediate rupture, and matures
some surface proteins to functional conformations (e.g. MSP1) (B) Around the time of rupture, PfSUB2 is released and translocates to the apex of the merozoite. PfSUB2
cleaves MSP1-42, AMA1 and PTRAMP. During invasion, cleaved and peripherally-associated surface proteins are shed at the point of tight junction, while other proteins
such as MSP2 and MSP4 are internalized during invasion. PfROM1 and PfROM4 are also involved and cleave EBA and PfRH proteins, as well as AMA1. (C) Following
invasion, MSP2 and possibly other proteins are rapidly degraded, whereas other proteins, including MSP1-19 and MSP4, are maintained post-invasion and may have
roles in intraerythrocytic parasite development.
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Processing after invasion
While MSP2 is carried into the RBC during invasion, it is rapidly
degraded post invasion, and is absent from the ring within 10
m (Fig. 2C) (Boyle et al. 2014). This result is consistent with previous reports that MSP2 protein is not detectable in ring-stage
parasites nor invasion supernatants using a number of different experimental approaches (Ramasamy 1987; Clark et al. 1989;
Barron 1992; Pearce et al. 2004). This suggests that MSP2 does
have a specific role during invasion, and its processing postinvasion may be required for subsequent intraerythrocytic development. MSP2 is lacking in P. vivax (Carlton et al. 2008), suggesting that the role of MSP2 in P. falciparum may be very specific.
Intriguingly, antibodies bound to MSP2 can be internalized during invasion and maintained for at least 20 h of intraerythrocytic
development. Like MSP2, MSP4 also remains on the merozoite
surface and does not appear to be cleaved or processed during
invasion (Boyle et al. 2014). However, unlike MSP2, it persists in

the developing intracellular parasite for several hours, but its
function is currently unknown. A MSP4 orthologue is found in
P. vivax, and has been confirmed as surface located (Black et al.
2002). MSP119 is maintained in the developing parasite postinvasion and is thought to be involved in the formation of the
food vacuole (Dluzewski et al. 2008). The rapid degradation of
MSP2 post invasion, but not of internalized antibodies bound
to MSP2, nor of MSP4 or MSP119 , points to specific, unknown,
proteases that are involved in processing of merozoite proteins
following invasion.

Immune targeting of merozoites
Targets of immunity
Merozoite surface proteins and invasion ligands are important
targets of human immune responses that contribute to protective immunity. Antibodies to merozoite antigens are a crucial
component of protective immunity and have been a major research focus. Components of cell-mediated immunity are also
important including monocytes, macrophages, neutrophils and
other cell types involved in antibody-mediated killing, and CD4+
T cell help for antibody generation and immune activation (Beeson, Osier and Engwerda 2008). As outlined earlier, the merozoite
surface presents a complex array of antigens as potentially important antibody targets. This complexity has made it difficult
to identify key targets of protective antibodies, and to quantify
their relative importance. It is notable that while the merozoite
surface has dozens of different proteins, this is quite different
to sporozoites and parasitized RBCs where a single antigen appears to be the dominant target of antibodies (CSP and PfEMP1,
respectively) (Chan et al. 2012; Dups, Pepper and Cockburn 2014).
Numerous studies have demonstrated the acquisition of antibodies to P. falciparum merozoite antigens in association with
malaria exposure, and some have been associated with protective immunity in longitudinal studies (reviewed in (Richards and
Beeson 2009; Fowkes et al. 2010)). One of the criteria used to objectively evaluate merozoite antigens as targets of protective immunity is the demonstration of protective associations between
antibodies and subsequent risk of malaria in longitudinal studies (Fowkes et al. 2010). Although associations with protection
from malaria can vary between studies, and may be influenced
by multiple factors, a systematic review demonstrated that, on
the whole, antibodies to several prominent merozoite antigens
(e.g. MSP119 , MSP3 and AMA1) were associated with protective
immunity (Fowkes et al. 2010). However, at the time this study
was conducted, antibodies to only a small number of antigens
had been evaluated in detail in longitudinal studies.
Recent studies have begun to take a more systematic approach to evaluating antibodies to a large array of P. falciparum
merozoite antigens, and these studies suggest that antibodies are acquired to most, if not all, merozoite surface proteins
(Richards et al. 2013; Ondigo et al. 2014; Osier et al. 2014b). Studies comparing the magnitude of protective associations between
antibodies to different antigens have identified antigens that
may be more important targets of protective antibodies, and
could be prioritized for vaccine development (Richards et al.
2013; Osier et al. 2014b; Dent et al. 2015) (Fig. 3). For example,
Richards et al. (2013) evaluated over 100 purified recombinantly
expressed P. falciparum merozoite proteins; after evaluating antigen quality and immunoreactivity, 46 proteins were studies in
detail in a longitudinal cohort of children acquiring immunity
(Fig. 3). Interestingly, protective associations were stronger for
emerging vaccine candidates compared to established vaccine
candidates that have already been tested in clinical trials, and
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2006). Little is known about the specific timing of PfROM cleavage during invasion.
Not all merozoite surface proteins are cleaved and shed during invasion (Fig. 2B and C); two essential surface proteins MSP2
and MSP4 are instead carried into the RBC during invasion, without apparent cleavage or shedding (Boyle et al. 2014). Further,
antibodies to MSP2, and the MSP1-19 fragment of MSP1, can be
internalized into the RBC during invasion while bound to the
merozoite surface (Blackman et al. 1994; Dluzewski et al. 2008;
Moss et al. 2012; Boyle et al. 2014). The tight junction, while appearing as a complete ring structure in immunofluorescence microscopy using labelling of PfRON4 and AMA1 (Riglar et al. 2011)
and as a region of close proximity between the merozoite and
RBC membranes in electron microscopy (Bannister et al. 1975)
is clearly not acting alone to force the shedding of proteins;
otherwise, bound antibodies would not be internalized. Instead
the tight junction must consist of either transient interactions,
which can be broken to allow the passage of antibodies and surface proteins, or consist of gaps between receptor-ligand proteins to allow proteins to pass through. It remains possible that
cleavage of surface proteins and the mechanisms of shedding
require a further unknown factor to mediate the specific release
of proteins from the merozoite surface.
The cleavage/shedding of surface proteins during invasion
occurs in other Apicomplexa parasites including Toxoplasma,
Neospora, Eimeria and Cryptosporidium, and it is hypothesized that
shedding is necessary to release receptor–ligand interactions
and allow for the invasion process to complete (Carruthers and
Blackman 2005). Indeed, antibodies and compounds that prevent PfSUB2 function and the cleavage/shedding of MSP1, AMA1
and other surface proteins are inhibitory to the invasion process, showing that cleavage/shedding in some form is essential
(Blackman et al. 1994; Uthaipibull et al. 2001; Dutta et al. 2003;
Fleck et al. 2003; Woehlbier et al. 2006). While the hypothesis for
cleavage/shedding allowing release of receptor–ligand interactions seems plausable for merozoite antigens such as EBA and
PfRH proteins that have clear ligand–receptor interactions with
the RBC surface, many merozoite surface proteins are thought
to mediate initial contact of the merozoite with the RBC via low
affinity and reversible receptor–ligand interactions. It is possible
that cleavage/shedding has other functions, such as preparing
the merozoite for post-invasion functions or contributing to immune evasion (Saul 1987). Indeed, this has been suggested for
the cleavage and shedding of AMA1, whereby complete shedding is not required for invasion, and may instead function to
evade antibody mediated invasion inhibition (Olivieri et al. 2011).
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Figure 3. ‘Association between antibodies to P. falciparum merozoite antigens and protection from malaria.’ Antibodies to a range of different merozoite proteins were
evaluated in a longitudinal cohort of children living in a malaria-endemic region of Papua New Guinea. Antibody responses were prospectively related to the risk of
malaria over a 6-month period of follow-up; malaria was defined as parasitemia of greater than 5000 parasites/ul of blood and fever. In the figure, antigen-specific
antibodies are ranked by the strength of their association with protection (determined from hazard ratios calculated using the Cox proportional hazards model). The
red line indicates no protective association. Error bars represent the 95% confidence interval. Figure was adapted from Richards et al. (2013).
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review demonstrated that antibodies to PvMSP119 , PvMSP3α and
the N-terminals of PvMSP1 and PvMSP9 were associated with
protection against P. vivax, but only in single geographical locations (Cutts et al. 2014). Further research is needed to define the
role of P. vivax merozoite antibody responses in protective P. vivax immunity. In the absence of methods to readily culture P.
vivax to study merozoite proteins, studies on targets of human
immunity may play an essential role in identifying and prioritizing vaccine candidates.
Identification of antibody targets, and how these antibodies
are acquired and maintained, is also valuable for the development of serological tools for malaria surveillance. Antibodies to
malaria antigens in populations can act as markers of recent
or long term exposure to malaria, and population serological
screening may be a valuable tool to enhance malaria control and
elimination efforts (Drakeley and Cook 2009; Elliott et al. 2014).
Function of antibodies
Antibodies to merozoites appear to protect against clinical disease by inhibiting blood-stage replication and preventing highdensity parasitemia, rather than preventing infection per se
(Stanisic et al. 2009; Richards et al. 2010). Antibodies to merozoite antigens mediate multiple effector mechanisms, including acting directly to inhibit replication, or through interactions
with immune cells and complement (Fig. 4A). Many studies have
shown that antibodies can inhibit the growth and replication of
blood-stage P. falciparum (reviewed in (Beeson et al. 2014)), and
the mechanism for this is thought to be primarily by inhibiting RBC invasion of merozoites, although antibodies may also
act by inhibiting schizont rupture and intraerythrocytic development. While little is known about the exact effector mechanism
by which antibodies inhibit merozoite invasion, it is though that
they may function by inhibiting receptor–ligand interactions,
protein processing or conformational changes required by merozoite proteins to perform their role in invasion. Affinity-purified
human antibodies to several P. falciparum merozoite antigens, including MSP119 , AMA1, PfRH4, EBA175, PfRH5 and MSP-DBL1/2
have been shown to inhibit growth in vitro (Egan et al. 1999;
Hodder, Crewther and Anders 2001; Reiling et al. 2012; Badiane
et al. 2013; Tran et al. 2014; Chiu et al. 2015). Growth-inhibition assays (GIA) have been the most widely used functional antibody
assay for merozoite antigens. Growth assays using geneticallymodified P. falciparum lines have been use to evaluate antigenspecific inhibitory antibodies to MSP119 and the EBAs (O’Donnell
et al. 2001; Persson et al. 2008, 2013; Wilson et al. 2011). The recent
development of robust methods to purify viable invasive merozoites has enabled the development of assays that specifically
measure invasion-inhibitory activity of antibodies and other inhibitors (Boyle et al. 2010b, Wilson et al. 2013), but these have
not yet been widely applied to studies of naturally acquired or
vaccine-induced immunity. Acquired antibodies have also been
shown to inhibit the binding of the invasion ligands EBA175 and
PvDBP1 to their respective RBC receptors, and these inhibitory
antibodies have been associated with protective immunity (King
et al. 2008; Irani et al. 2015).
Antibodies to merozoite antigens are predominantly comprised of IgG1 and IgG3 (Taylor et al. 1998; Roussilhon et al.
2007; Stanisic et al. 2009; Reiling et al. 2010; Richards et al. 2010),
both of which are effective at complement fixation (Boyle et al.
2015) and interact with FcR receptors on phagocytic cells to
mediate effector mechanisms (Stubbs et al. 2011; Osier et al.
2014a). A recent study demonstrated that human antibodies to
P. falciparum merozoite surface antigens can fix C1q to activate
complement via the classical pathway and inhibit merozoite
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were generally stronger for rhoptry and micronemal proteins.
The EBA and PfRH family of proteins generally had strong protective associations; this included protective associations for the
promising vaccine candidates PfRH5, its binding partner PfRipr,
and EBA175, as well as a number of other recently identified proteins. Studies in other populations have also found protective
associations for antibodies to EBA175 and PfRH5 (McCarra et al.
2011; Dobano et al. 2012; Tran et al. 2014), but other members of
these families have been little studied. Osier et al. (2014b) evaluated antibodies to a panel of P. falciparum merozoite antigens
produced with a mammalian expression system, and found
strong protective associations with several recently defined antigens, as well as established vaccine candidates MSP2, MSP3 and
AMA1. A further approach to identifying important targets is the
use of protein microarrays (Doolan et al. 2008; Crompton et al.
2010). In this platform, protein fragments are expressed with
an E. coli cell-free system, and then printed onto arrays without any purification or refolding step. These arrays typically contain large numbers of proteins and only a minority of all proteins
are merozoite surface proteins. Using this approach, Dent et al.
(2015) found that antibodies to MSP2, MSP7 and MSP10 of P. falciparum, among other proteins, were significantly associated with
protection. An important picture emerging from these studies
is that a repertoire of antibodies to multiple antigens is also important in protective immunity, and antibodies to certain combinations of antigens may be particularly important in mediating
protection (Gray et al. 2007; Osier et al. 2008, 2014b; Stanisic et al.
2009; Reiling et al. 2010; Richards et al. 2010, 2013).
Antibody responses to P. vivax antigens have also been investigated in areas endemic for P. vivax, particularly PvDBP,
PvRBP and orthologues of P. falciparum merozoite surface proteins. PvDBP and PvRBP induce antibody responses in populations naturally exposed to P. vivax (Tran et al. 2005; Cole-Tobian
et al. 2009; Souza-Silva et al. 2010; Kano et al. 2012). Additionally, individuals with antibodies to the essential conserved Nterminal cysteine-rich region II (PvDBPII) have been shown to
be associated with protection against high-density P. vivax infections (Cole-Tobian et al. 2009). It has also been reported that
antibodies inhibit PvDBP binding to its receptor (King et al. 2008).
Antibodies to PvAMA1 are also associated with P. vivax exposure
(Yildiz Zeyrek et al. 2011; Fowkes et al. 2012), and antibodies to
PvAMA1 have been shown to inhibit merozoite invasion in vitro
(Vicentin et al. 2014). However, antibodies to PvAMA1 are yet to
be investigated as a target of protective immunity in human cohort studies (Cutts et al. 2014).
PvSERA4, which is the most dominantly expressed member
of the P. vivax SERA multigene family with an expression profile similar to PfSERA5, has also been shown to stimulate antibody responses (Yildiz Zeyrek et al. 2011), but no evidence for
functional or protective responses is reported. Antibodies from
naturally exposed individuals recognize P. vivax merozoite surface antigens representing polymorphic (PvMSP1 N-terminus,
PvMSP3α Block I and II repeats, PvMSP5) and conserved regions
(PvMSP119 , the extreme N- and C-terminal ends of PvMSP3α and
PvMSP10) (Pasay et al. 1995; Soares et al. 1997; Woodberry et al.
2008; Yeom et al. 2008; Fernandez-Becerra et al. 2010; Lima-Junior
et al. 2011; Yildiz Zeyrek et al. 2011; Kano et al. 2012; Stanisic
et al. 2013; Versiani et al. 2013). PvMSP9 contains two speciesspecific blocks of repeats, designated PvMSP9RI and PvMSP9RII
which can induce antibody responses in naturally exposed populations (Lima-Junior et al. 2008, 2012; Stanisic et al. 2013).
Currently, there is very little evidence in the literature for
specific associations between any one antibody response and
protection from symptomatic disease, but a recent systematic
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invasion and blood-stage replication (Boyle et al. 2015) (Fig. 4C).
MSP1 and MSP2 were shown to be targets of these antibodies, but
other merozoite antigens remain to be investigated. The mechanism of antibody-complement inhibition appears to be mediated by the binding of C1q and other complement components
resulting in inhibition of merozoite invasion and through the formation of the membrane attack complex that rapidly leads to
merozoite lysis. Antibodies from many malaria-exposed adults
and children are either non-inhibitory or weakly inhibitory on
their own, but effectively block invasion in the presence of complement. The ability of antibodies to fix C1q to the merozoite
surface was very strongly associated with protection against P.
falciparum malaria in children, suggesting that complement ac-

tivation by antibodies to merozoite surface proteins is an important mechanism in acquired immunity. Furthermore, antibodycomplement inhibitory activity was induced by immunization
with a recombinant MSP2-based vaccine in a phase 1 clinical
trial (Boyle et al. 2015).
Opsonization of P. falciparum merozoites by antibodies
has been shown to mediate important interactions with immune cells, including monocytes, macrophages and neutrophils
(Fig. 4A and B). Phagocytosis of merozoites and immune complexes by monocytes can lead to the release of soluble factors
that inhibit parasite growth in vitro, in a process called antibodydependent cellular inhibition (ADCI) (Bouharoun-Tayoun et al.
1995). Antibodies that mediate this activity are acquired through
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Figure 4. ‘Antibody-mediated mechanisms of immunity to merozoites.’ (A) Antibodies to merozoites may mediate immunity through a number of mechanisms. This
includes the ability of antibodies to directly inhibit invasion of merozoites, interact with complement (red stars) to inhibit invasion or lyse merozoites, and agglutinate merozoites to inhibit their dispersal after egress from schizonts. Opsonization of merozoites by antibodies promotes their phagocytosis by monocytes and
macrophages, and killing by neutrophils. Phagocytosis of opsonized merozoites by monocytes results in activation and the production of TNF-alpha and other cytokines, and secretion of soluble factors (represented by triangles) that inhibit parasite growth (referred to as ADCI). Different antibody types (such as different IgG
subclasses) may have different functional activities, particularly for complement fixation and Fc–receptor interactions; however, these differences are not currently
clearly defined. To reflect these potentially important differences, we have shown antibodies as yellow or green to represent the presence of different antibody types
that can mediate functional activities. (B) Early stages of phagocytosis of antibody-opsonized merozoites by a THP1 monocyte imaged using scanning electron microscopy (adapted from (Osier et al. 2014a)). (C) Antibodies to merozoites promote the activation of complement on the merozoite surface by fixing complement
component C1q leading to the activation of complement through the classical cascade. A key step in the cascade is the formation of C3b, which is labelled in this
figure with gold particles on the surface of merozoites by transmission electron microscopy.
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Polymorphims
Many key targets of protective immunity and vaccine candidates
demonstrate significant polymorphisms in sequence reflective
of immune selection (Barry et al. 2009; Conway 2015). This sequence diversity in many merozoite antigens poses challenges
in vaccine development, as strategies are required to generate
broadly active antibodies that would circumvent the potential
for vaccine escape. However, the significance of polymorphisms
for immune escape is not well understood for most antigens.
Among the most polymorphic antigens are multiple members
of the MSP3-like family, and other antigens such as MSP1 and
AMA1. However, for many antigens the level of antigenic diversity may be modest and could be overcome with existing vaccine approaches, such as the inclusion of multiple alleles. For
example, different MSP2 sequences can be grouped into two major allelic types (Smythe et al. 1991). MSP1 has significant polymorphisms through the sequence, but the relatively conserved
C-terminal region of MSP1, MSP119 , has only four polymorphic
residues (Barry et al. 2009), which has supported its potential as
a vaccine candidate. The MSP142, which has been tested as a candidate vaccine in clinical trials (Ogutu et al. 2009), is broadly classified as dimorphic with two protoype alleles; however, there is
substantial polymorphism within these allelic types (Vijay Kumar et al. 2005; Mehrizi et al. 2008). For AMA1, over 200 haplotypes are present in populations; however, antigenic diversity
appears much more restricted and diversity may be covered by
the inclusion of just 3–4 different alleles (Drew et al. 2012; Dutta
et al. 2013; Terheggen et al. 2014) (Remarque et al. 2008). Other
promising candidates, such as PfRH5, have very limited polymorphism, or others such as MBA175, MSP3 and PfRH2 contain
conserved regions that may be targeted (Druilhe et al. 2005; Reiling et al. 2010; Healer et al. 2013; Drew and Beeson 2015).

Phenotypic variation and immune evasion
Plasmodium falciparum merozoites can use different pathways
for RBC invasion, and these pathways are linked to variation
in the use and/or expression of the EBA and PfRH invasion ligands, and this phenotypic variation appears to facilitate immune evasion (Fig. 5A). Variation in invasion phenotypes has
been demonstrated by evaluating invasion of different isolates
into RBCs that have been treated with enzymes to selectively
cleave RBC receptors. Several studies have shown substantial
variation in the ability of clinical isolates to invade RBCs treated
with different enzymes (Okoyeh, Pillai and Chitnis 1999; Bowyer
et al. 2015) and the ability of laboratory-adapted clonal lines to
switch invasion pathways has also been demonstrated (Dolan,
Miller and Wellems 1990). In addition, substantial variation in
the expression of EBA and PfRH invasion ligands among clinical isolates has been reported (Nery et al. 2006; Reiling et al.
2012; Bowyer et al. 2015). Although the diversity and properties of invasion pathways have not been fully defined, invasion phenotypes can be broadly classified into two main groups:
sialic acid (SA)-dependent invasion, demonstrated by poor
invasion of neuraminidase-treated RBCs; and SA-independent
invasion, demonstrated by efficient invasion of neuraminidasetreated erythrocytes. EBA140, EBA181, EBL-1 and PfRH1 are involved in SA-dependent invasion; neuraminidase cleaves SA on
the RBC surface and inhibits the binding of these ligands to
their RBC receptors. On the other hand, PfRH2 and PfRH4 are
important in SA-independent invasion and interactions appear
chymotrypsin-sensitive. While this classification is likely to be
an oversimplification of a complex spectrum of phenotypes, it
serves as valuable model to understand and study phenotypic
variation and immune evasion, with relevance to vaccine development (Fig. 5A).
Isolates can be switched from SA-dependent to SAindependent invasion phenotypes by extended culture in
neuraminidase-treated RBCs, and the change in phenotype
is associated with upregulation of PfRH4 (Stubbs et al. 2005;
Gaur et al. 2006). Invasion phenotypes can also be modified
by deletion of EBA or PfRH genes (Reed et al. 2000; Duraisingh
et al. 2003). For example, deletion of EBA175 can be used to shift
the invasion phenotype of an isolate from an SA-dependent to
SA-independent invasion phenotype (Reed et al. 2000). Using
defined isolates generated with these approaches, studies
have shown that changes in invasion phenotype can lead
to changes in the susceptibility of P. falciparum to human
invasion-inhibitory antibodies, suggesting that variation in
invasion phenotypes facilitates immune evasion (Persson et al.
2008). In a study of invasion-inhibitory antibodies in Kenyan
adults and children, a phenotypic switch from SA-dependent
invasion to SA-independent invasion led to a loss of antibody
inhibitory activity among many samples (Persson et al. 2008).
Changes in the sensitivity of P. falciparum to invasion-inhibitory
antibodies was also seen when EBA175, EBA140, or EBA181 were
selectively deleted (Persson et al. 2008, 2013) (Fig. 5B). The ability
of human antibodies to inhibit isolates with EBA175, EBA140
or EBA181 gene deletions also varied, suggesting that there are
immunologically significant differences between these different
phenotypes and further highlighting the role of diverse invasion
phenotypes in immune evasion (Persson et al. 2013).
Supporting these findings, antibodies to EBA and PfRH invasion ligands are acquired with increasing age and exposure to
malaria in populations (Persson et al. 2008), and antibodies to
the EBAs and PfRH ligands have been associated with protective
immunity against malaria in prospective longitudinal studies
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natural exposure to malaria, and have been induced by vaccines
based on several different merozoite surface proteins, including human vaccine trials based on recombinant MSP2, MSP3 and
GLURP (Druilhe et al. 2005; McCarthy et al. 2011; Jepsen et al. 2013).
Opsonization of P. falciparum merozoites also promotes
phagocytosis by monocytes (Fig. 4B) (Khusmith and Druilhe
1982; Khusmith, Druilhe and Gentilini 1982; Stubbs et al. 2011;
Osier et al. 2014a), leading to production of TNF-alpha and monocyte activation (Bouharoun-Tayoun et al. 1995; Osier et al. 2014a).
Opsonic phagocytosis activity of antibodies was associated with
protection from malaria in longitudinal cohorts of children in
Kenya (Osier et al. 2014a) and Papua New Guinea (Hill et al. 2013),
and are effectively boosted by infections (Osier et al. 2014a). This
activity may contribute to immunity by direct clearance of opsonized merozoites, and indirectly through immune activation.
Opsonization of P. falciparum merozoites by antibodies also appears to promote killing by neutrophils, measured in respiratory
burst assays; activity in these assays was associated with protection from malaria in longitudinal cohort studies (Joos et al. 2010).
The mechanisms by which antibodies to P. vivax
merozoites mediate immunity have been scarcely studied,
but similar mechanisms would be expected to those reported
for P. falciparum. Human antibodies to PvDBP1 were shown to inhibit invasion (Grimberg et al. 2007), supporting the concept that
inhibition of invasion is one mechanism by which antibodies
to P vivax merozoite antigens may function. As for P. falciparum,
antibodies to P. vivax merozoites are predominantly IgG1 and
IgG3 (Fernandez-Becerra et al. 2010; Lima-Junior et al. 2011),
suggesting that complement and FcR mediated mechanisms
will be relevant.
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(Reiling et al. 2010; Richards et al. 2010; McCarra et al. 2011; Reiling et al. 2012). Reduced invasion-inhibitory activity by serum
antibodies of EBA knockout lines compared with parental parasites suggests that the EBAs are important targets of inhibitory
antibodies (Persson et al. 2013). Indeed, affinity-purified human
antibodies to EBA175 have been shown to inhibit invasion (Badiane et al. 2013), and human antibodies can inhibit the binding of EBA175 to glycophorin A (Ohas et al. 2004; Irani et al.
2015).
Further, studies are needed to understand the role of PfRH
ligands in immune evasion mediated by phenotypic variation
and as targets of inhibitory antibodies. Affinity-purified human
antibodies to PfRH4 can inhibit invasion, and isolates lacking expression of PfRH4 can evade these inhibitory antibodies (Reiling
et al. 2012). Others have shown that rabbit antibodies to PfRH1
inhibit invasion in an isolate that uses SA-dependent invasion,
and switching to SA-independent invasion leads to loss of inhibitory activity (Gao et al. 2008). Phenotypic variation in invasion may also be important for parasite adaptation to host polymorphisms in RBC surface receptors (Dolan, Miller and Wellems
1990; Maier et al. 2003; Tham et al. 2010). For example, deletions
in glycophorin C (receptor for EBA140) and deficiencies in CR1

(receptor for PfRH4) are common in some populations, and levels of glycophorin A (receptor for EBA175 and potentially MSP1)
declines with increasing RBC age. The ability to use different
receptor–ligand interactions for invasion to adapt to the availability of receptors on the RBC surface may be important for parasite survival in the host. The potential for variation in invasion
phenotypes in P. vivax remains undefined because of the difficulty in maintaining in isolates in culture.

Merozoites as vaccine candidates
To date, seven P. falciparum merozoite antigens have been assessed in human vaccine trials; MSP1, MSP2, MSP3, AMA1,
EBA175, GLURP and SERA5 (Table 1). Most of these have been
delivered as recombinant antigens with different adjuvants,
or using a viral vectored prime-boost regimen using chimpanzee adenovirus 63 (ChAd63) and modified vaccine virus
Ankara (MVA). The majority of these have been phase 1 trials. A small number of vaccines have been tested in phase II
field trials to assess protection against naturally acquired infections, or in phase I/II trials that assess protection against experimental infections in vaccinated malaria-naı̈ve volunteers. In
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Figure 5. ‘Use of alternate invasion pathways and immune evasion.’ (A) In this example of alternate invasion pathways, the clonal parasite isolate gives rise to
merozoites that largely use a sialic acid-dependent invasion pathway (blue merozoites); a small subpopulation of merozoites use an alternate sialic acid independent
pathway (yellow merozoites). In the absence of any selective pressure, parasite replication gives rise to a population of merozoites that predominantly invade via a
sialic acid dependent invasion. Selective pressure on invasion, either through immune selection (e.g. antibodies that block ligands of sialic acid dependent invasion) or
phenotypic selection (invasion into RBCs with deficiency in sialic acid receptors) leads to the emergence of parasites using an alternate sialic acid independent invasion
pathway. The use of an alternate pathway can also be generated artificially by genetic disruption of EBA175. The sialic acid dependent invasion pathway uses the EBA
ligands and PfRH1, whereas the sialic acid independent invasion pathway has a greater reliance on PfRH4 and PfRH2. (B) Differential inhibition by antibodies from
malaria-exposed individuals of P. falciparum lines using different invasion pathways. In these examples, changes in invasion pathways were generated by deletion of
EBA175, EBA140 or EBA181. Results show the proportion of samples (n = 130) that differentially inhibited the invasion of the parental parasites compared to parasites
with disruption of specific EBA genes. No difference in inhibition between the isolates was regarded as <25% difference in the level of inhibition (indicated in blue).
The proportion of samples that inhibited the knockout line more than the 3D7wt line (by >25%) is shown in green; the proportion of samples that inhibited 3D7wt
more than the knockout line (by >25%) is shown in red. Data reproduced from (Persson et al. 2013).
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striking contrast, there has been only one human trial of a
P. vivax merozoite antigen; PvDBP using the CHAd63-MVA system (unpublished, NCT01816113). Numerous merozoite antigen
vaccines have shown significant efficacy in small animal models
of malaria; the extensive literature on this will not be reviewed
here in the interests of space. Instead the focus will be on results
from clinical trials.

Combination antigen vaccines
A phase II trial of the Combination B vaccine showed significant efficacy in reducing parasitemia in children in a malariaendemic area of PNG (Lawrence et al. 2000; Genton et al. 2002,
2003). The vaccine was comprised of full-length MSP2 (3D7 allele), MSP1 (N-terminal end) and part of the ring-infected erythrocyte surface antigen (RESA). Vaccine efficacy is believed to
have been mainly mediated by MSP2; infections with parasites
containing the vaccine allele of MSP2 were greatly reduced, but
there was no protective effect against infections having the alternate allele (FC27). These data provide important proof of concept for MSP2 as a vaccine candidate.
Numerous other antigen combinations have been tested
in phase I trials, including some challenge trials. MSP1 and
AMA1 have been combined as recombinant antigens (Ellis et al.
2012) and using the ChAd63-MVA approach (Sheehy et al. 2012a;
Biswas et al. 2014). Although, high levels of antibodies were induced for both antigens, subsequent experimental challenge
found only one individual was protected. Chimeric MSP1-AMA1
vaccines have also been explored (Hu et al. 2008; Malkin et al.
2008). MSP1 has also been combined with EBA175 (F2 domain)(Chitnis et al. 2015), which induced strong EBA175 responses and good invasion-inhibitory antibodies against homologous parasites, but poor MSP1 responses.
A chimeric MSP3-GLURP recombinant protein has been
tested in three phase I studies in malaria-naı̈ve adults, and
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Single antigen vaccines
AMA1 is the most widely studied candidates and has been tested
in 23 human trials on its own, and in nine studies in combination
with other antigens. A vaccine combining two alleles of AMA1
(3D7 and FVO), adjuvanted with Alhydrogel, demonstrated good
safety and immunogenicity in malaria-naı̈ve adults, and Malian
children and adults (Malkin et al. 2005; Dicko et al. 2007, 2008).
Unfortunately, a phase IIb trial of this vaccine in 2–3-yearold children in Mali failed to demonstrate any reduction in
frequency of high parasitaemia episodes (Sagara et al. 2009a;
Ouattara et al. 2010). The vaccine did induce good invasioninhibitory antibodies, but other functional activities of antibodies have not yet been reported (Miura et al. 2011). Looking to enhance immunogenicity, AMA1 has also been assessed including CPG7909 oligodeoxynucleotide as an additional adjuvanting agent in the Alhydrogel formulation. This led to 3—4-fold
higher antibody titers in malaria-naı̈ve adults (Mullen et al. 2008)
and higher antibody levels in Malian adults (Sagara et al. 2009b).
However, the vaccine failed to protect malaria naı̈ve participants
in the UK when undergoing sporozoite challenge (Duncan et al.
2011). The reasons for this are unclear, but it may be that antibody titres measured by ELISA and activity in standard growth
inhibition assays do not adequately represent antibody specificity and functional activity required for protective immunity.
Another AMA1 vaccine included a single allele formulated
with a more potent adjuvant, ASO2A, showed good immunogenicity in malaria-naı̈ve adults, and Malian adults and children
(Thera et al. 2006, 2008, 2010, Polhemus et al. 2007). A phase IIb
trial in Malian children failed to demonstrate significant overall protection from malaria (6 month follow-up), but there was
evidence of substantial strain-specific efficacy against malaria
caused by vaccine-like strains (Thera et al. 2011). While this
vaccine is not suitable for further development in its present
form, the results did establish an important proof-of-principle
for AMA1 as a potential vaccine antigen.
Plasmodium falciparum MSP1-based vaccines have yet to
demonstrate clear efficacy in humans. A single allele of
MSP142 formulated with ASO2A induced high-level antibodies in
malaria-naı̈ve adults, and malaria-exposed children and adults,
including growth-inhibitory antibodies (Ockenhouse et al. 2006;
Thera et al. 2006; Withers et al. 2006; Stoute et al. 2007). However, a Phase IIb trial in Kenyan children aged 1–4 years found
no protection from symptomatic malaria (Ogutu et al. 2009).
The reasons for the lack of efficacy are unclear, but may have
been due to the inclusion of only one allele providing inadequate coverage of circulating strains. MSP142 delivered using the
ChAd63 approach induced strong T-cell responses but only modest growth-inhibitory antibodies; three participants were infection challenge post vaccination and all developed blood-stage
parasitemia (Sheehy et al. 2012a,b).
MSP2 has mostly been assessed in combination with other
antigens as part of Combination B, discussed below. A phase I
study of a MSP2 vaccine that included the two allelic variants
(3D7 and FC27) in malaria-naı̈ve adults showed good immunogenicity, including the induction of ADCI activity (McCarthy
et al. 2011). Recent results showed that these vaccine-induced

antibodies can also recruit complement components to inhibit
invasion, but have little invasion-inhibitory activity in the absence of complement (Boyle et al. 2015).
A P. falciparum MSP3 vaccine based on the conserved Cterminal end of the protein expressed as a long synthetic peptide inducde antibodies that had ADCI activity measured in
vitro. Furthermore, passive transfer of these antibodies promoted parasite clearance in vivo in a humanized mouse model
(Druilhe et al. 2005). A phase I study of 1—2-year-old children
in Burkina Faso reported strong cytophilic antibody responses
(Sirima et al. 2009). Although not designed as a phase IIb study,
post-vaccine follow-up indicated significantly fewer episodes of
malaria among children who received the MSP3 vaccine compared to controls (Sirima, Cousens and Druilhe 2011).
Other antigens have been assessed in phase I trials. An
EBA175 vaccine based on region II of the protein, which mediates binding to glycophorin A, showed good immunogenicity,
but in vitro GIA activity was modest (up to 15%) (El Sahly et al.
2010). However, an EBA175-based vaccine showed efficacy in a
primate model (Jones et al. 2001). The N-terminal end of SERA5
(with serine repeats removed) was recently assessed in a phase
Ib of children and adults in Uganda (Palacpac et al. 2013). Postvaccine follow-up found reduced incidence of high parasitemia
episodes in the SERA5 vaccine group versus control. PfRH5 is
emerging as a promising vaccine candidate based on numerous
criteria (Drew and Beeson 2015). Following significant efficacy in
a non-human primate infection challenge model (Douglas et al.
2015), PfRH5-based vaccines are now progressing into clinical
trials. This is supported by recent studies showing that a recombinant chimeric antibody (Ab-1) against basigin that blocks
binding of PfRH5 cleared parasitemia in a humanized mouse
model (Zenonos et al. 2015). In summary, results from clinical trials have demonstrated that several merozoite antigens are immunogenic when used as vaccines in humans, and can induce
relevant functional immune responses. However, a few have
shown evidence of protective efficacy, and additional antigens
and combinations need to be investigated.

Beeson et al.

363

adults and children in Gabon (Esen et al. 2009) (Mordmuller et al.
2010; Belard et al. 2011). When tested in 1—5-year-old Gabonese
children the vaccine induced strong IgG responses to GLURP
and MSP3, including memory B-cells, but antibody levels were
not maintained beyond 1 year post-immunization (Belard et al.
2011). The vaccine has been shown to induce ADCI activity
(Jepsen et al. 2013).
The multiantigen vaccine NYVAC-Pf7 incorporated MSP1,
AMA1 and SERA, as well the non-blood-stage antigens CSP, liver
stage antigens 1 (LSA1), sporozoite surface protein 2 (SSP2) and
the sexual stage antigen Pfs25, in an attenuated vaccinia virus
(Tine et al. 1996). A phase I/IIa study demonstrated a slight delay in the pre-patent period following human sporozoite challenge (Ockenhouse et al. 1998). The SPf66 vaccine included a
45 amino acid chimeric peptide derived from three merozoitederived antigens and the NANP epitope of CSP on sporozoites. It
was tested in multiple phase II trials, with variable efficacy (e.g.
(Valero et al. 1993; Alonso et al. 1994; D’Alessandro et al. 1995;
Nosten et al. 1996)). A subsequent Cochrane review concluded
that there was no justification for further trials using the same
formulation (Graves and Gelband 2006).

therapeutics, to address the enormous global burden of malaria.
Therefore, translational research and activities that harnesses
our growing knowledge of the merozoite must remain a high
priority.

Challenges in developing merozoite vaccines
Promising results from a small number of phase II trials in
malaria-endemic populations, and data from extended followup from phase Ib trials, support the potential of merozoite antigens as vaccine candidates. However, results also highlight the
many challenges faced. This includes identifying and prioritizing the most attractive candidates, identifying antigen combinations to further maximize protective responses, and defining immune responses required for optimal protection. There
is a strong need for functional assays as correlates of protective immunity, which are currently lacking, and a greater
range of functional assays need to be used in the evaluation of
vaccine-induced responses. Functional assays have been largely
restricted to growth-inhibition assays, and MSP3, MSP3-GLURP
and MSP2 vaccines have also demonstrated activity in ADCI assays. Only the MSP2 vaccine has been show to induce antibody–
complement interactions to inhibit invasion; other vaccines
have not yet been tested. It also appears that more potent adjuvants or vaccine delivery platforms are needed to enhance
protective efficacy and induce long-lived responses. Since merozoite immunity appears to prevent malaria by inhibiting bloodstage replication, it is unclear whether the experimental human challenge model is the right approach for evaluating these
vaccines.
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