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Malaria is one of the leading parasitic disease in the world, despite enormous efforts to control or erBtfsmedium
falciparumcauses the most severe form of malaria and is responsible for most malaria-related death&gjohalbyte

invasion byP. falciparumis the most fundamental step in the blood-stage life cycle of the parasite and is mediated by a
series of sequential events incorporating multiple molecular interactions between parasite and erythrocyte surface proteins.
The clinical symptoms of.Ralciparummalaria are attributed to the cycles of asexaptoduction within the human
erythrocytes. Understanding this complex process of invasion is extremely essential for gaining insight into the basic
parasite biology which would enable the identification of novel drug targets and vaccine candidates that would efficiently
block erythrocyte invasiodvances in genome-wide transcriptomic studies have provided us with the information about
the temporal expression of a cohort of genes involved in the invasion process. The availability of this information has been
pivotal in the effort towards identification, characterization and functional assessment of novel proteins which have a
specific role in invasion. This review aims to summarize the invasins that have been identified and characterized in the post-
genomics era, utilizing the information available througfaleiparum transcriptome databases.
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Introduction burden.P. knowlesihas emaged as an important
zoonotic malaria spp., transmitted from macaques to

I he whol Id desoi _ ” humans by infected mosquitoes in parts of South East
plagues the whole world despite extensive eflorts \qi, ang has been reported to cause infection in

spanning more than a century to control this diseasehumalns (Daneshvat al, 2009; Dankwaet al

Currently more than 3 _biIIio_n pe‘,’p'e are atrisk, with 2016).Plasmodiunparasites has a complex life cycle
an estimated 200 million infections and more than ;i completed through two hosts —the invertebrate
400,000 deaths each year (Zm'd malaria report). Anophelesnosquito that acts as the vector through
Therg are severa?lasmodlgmspp_ .that CaUSe  \hich the parasite completes its sexual cycle and the
malaria in humans. Plasmodium falciparum CaUSES, o rtebrate human host in which the asexual life cycle

the most severe form qf malaria, cerebral malarlaiS completed (Gatet al, 2004; Cowman and Crabb,
and responsml_e for maximum ”L?mb?f of deaths Olue2006). During a blood meal, the female Anopheles
to malaria, particularly iAfrica. P, vivax is the second mosquito injects invasive forms of the parasite known
bs sporozoites into the skin, which then migrate to the
liver and finally infect hepatocytes, marking the
beginning of the pre-erythrocytic stage or liver stage
of the cycle. Over 7-10 days, parasites develop and
divide into merozoiteshat are released into the

Malaria remains a major infectious disease that

morbidity outsideAfrica with more than 50% of
malaria cases in Central and SoAtherica, South
and South-eagtsia, and several Pacific islands.
malariaeandP. ovale also cause human malaria and
represent a very minor proportion of the global malaria
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bloodstreamAn important feature d?. vivaxis that Surfuce Exonemnes  Micronemes
it exhibits latency by remaining dormantin liverinthe " " i o
form of hypnozoites that could cause relapse in later

stages of lifeThis does not occur with falciparum

The released merozoites infect erythrocytes initiating
the erythrocytic or asexual blood stage of the parasite .
cycle during which the parasite grows and replicates
inside them. Cycles of blood-stage replication take /
approximately 48 hours fdP. falciparum and P. 3
vivax, but only 24 hours foP. knowlesi After the
completion of one cycle infected erythrocyte
undergoes egress further releasing daughter

e uio
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merozoites that invade new erythrocytesvivaxis PR G P i
the only human malarial parasite species that exhibits [ERALELEA), BRARRLIARE)
_speC|f|c preferentlal invasion of retlcul_ocytes (young Fig. 1. Sub-cellular structure of a P. falciparum merozoite,
immature erythrocytes) and largely invades young showing the localization of novel invasins

reticulocytes that still bear CD71 (Malleret al.
2015). In addition, dicient invasion byP. vivax
requires the Duffy antigen on reticulocytes, although
invasion into Duffy-negative reticulocytes can occur
(Ryan et al. 2006). In contrastP. falciparum can
efficiently invade Duffy negative erythroeytes and
mature erythrocytes. Most of the clinical symptoms
of malaria are attributed to asexual propagation of
the parasite within human erythrocytes (Cowman and

Crabb, 2006). The parasite entry into the host it ‘ thwavat ites N bound t
erythrocyte is the most critical step of its life cycle alternate pathway&hier merozortes have bound to

with respect to malarial pathogenesis. Invasion is aerythrocytes, a small member of the PIRH family

- - - - PfRH5 binds to its receptor basigin irrespective of
complex multi-step process which requires series of L .
P P d . éhe activity of other PfRH ligands. Downstream to

this essential PfRH5-basigin engagement, tight junction
formation occurs. During this stage of invasidiAl
Ipinds to another parasite protein RON2, already
translocated into the erythrocyte membrane and this
facilitates penetratioMMAL is found on the surface
of the merozoite and binds to RON2, which is part of
Erythrocyte invasion byP. falciparum a larger RON complex.

merozoites is mediated by a series of sequential events _ : .

P. falciparum erythrocyte invasion pathways

incorporating multiple molecular interactions between 2 .
P g P can be broadly classified into two main groups based

parasite and erythrocyte surface proteins and are

characterized by three phases; pre-invasion active®" the utilization of sialic acid (SA) on the surface of

invasion, and echinocytosis (Fig. 1) (Gilson and Crabb_erythrocytes (Lopatlc_kr_at al, 20?1): () .SA' :
2009;Weisset al, 2015). Initial merozoite attachment independent (n(_au_ram|n|dase-re3|stant)”|nva3|on
with the erythrocyte appears to be mediated by thegathwe;ys gDuralsmg@t_;L, 2003) E.itr.‘d (".) SA-.
merozoite surface protein 1 (MSP1) complex which et;;]en enP(neL;ilrr;lnzlogge-sen& '\./e.zj \nvasion
includes glycosylphosphatidylinositol (GPI)-anchored pgl_évays Ehe':SSI al, 29 I'). egc_rr:]mlnl '?seF:sa
merozite surface proteins and peripheral proteins,s'a.I ase thal cleaves sialic aclgsius, It ah
followed by weak deformation of the target falciparumstrain is unable to mvgde a_neure}mln|dase-
erythrocyte membrane. Subsequent interaction Withtreated erythrocyte, where sialic acid residues have

the erythrocyte is mediated by two major protein ligand been depleted then it could be termed as sialic acid

families, Duffy binding-like (DBL or erythrocyte-
binding-like [EBL]) protein and the reticulocyte-
binding-like protein homolog (Rh or RBL) which bind
with higher affinity to a range of known and unknown
host receptors resulting in stronger erythrocyte
deformation and merozoite reorientation. Both EBL
and PfRH ligands mediate invasion through multiple

receptors on the surface of erythrocytes (Cowman
and Crabb, 2006; Gaur and Chitnis, P0OThe parasite
has a regulated mechanism of temporal expressio
of genes which enables the completion of such a
complex life cycle within multiple hosts.
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dependent and the same analogy would apply for theSubset of genes having similar expression profiles
binding of a native parasite protein. If the protein fails were clustered in 15 clusters and the function of
to bind neuraminidase-treated erythrocytes then ituncharacterized genes were predicted based on one
would be labelled as sialic acid dependent. On theor more characterized genes within the same cluster
other hand if a parasite strain invades the Thus cluster of genes representing a putative function
neuraminidase treated erythrocytes efficiently or if a in invasion, parasite motilitgell-cycle regulation and
protein binds to these cells then it would be termed asother crucial processes were deciphered.

sialic acid independent.
al 'cindep Another study published in the same year

Major leap in our understanding of the parasite presented the full transcriptome data of the asexual
biology was in the year 2002, when the genomeintra-erythrocytic developmental cycle (IDC) of the
sequence folP. falciparum became available parasite (Bozdecht al, 2003).P. falciparum DNA
(Gardneret al, 2002).TheP. falcipaumgenome is  microarray using 70mer oligonucleotides was used in
26 MB in size and encodes for around 5300 geneshis study to examine the expression profiles across 1
during its complex life cycle (Gardnet al, 2002; hour time points of the 48 hour IDC ffalciparum
Le Rochet al, 2003) An estimated 2700 genes are This study described that 75% of the genes were
expressed during the 48 hour blood stage cycle of theactivated only once during the IDC with activation
parasite (Le Rocht al, 2003; Bozdechkt al., 2003; correlated to time-specific processes. Moregties
Hu et al., 2010). The entire set of parasite ligands study has further described the expression induction
involved in erythrocyte invasion i.e. invasins still of 262 genes predicted to be involved during
remains unknown. In order to fully decode the invasion erythrocyte invasion and hence presented a list of
process, the role of each of the invasins has to beutative vaccine candidate antigens. This list was
understoodA major limitation to this understanding prepared by analyzing the similarity between
comes from the fact th& falciparumgenes do not  expression profiles to seven known malaria vaccine
have homologues in other organisms and often lack ecandidates (AMA1, MSP1, MSP3, MSP5, EBA175,
precise cellular function (Gardnet al., 2002). RAP1, and RESA1). This study also concluded an
Moreover the genome sequence information gives aintimate relationship between transcriptional regulation
static insight for the coding capacity of the parasite and the developmental progression of this parasitic
and does not provide information on the time- organismAnother study published in the year 2010,
dependent usage of genetic information during the presented the DNA microarray-based high-resolution
complex life cycle of the parasite involving multiple transcriptional profiling oP. falciparumin response
hosts. This has been overcome by studying gendo 20 growth-inhibiting compounds (Hal., 2010).
function and their temporal expression by the The data was used to construct a gene interaction
transcriptional analyses of complement of genes withinnetwork that predicted the functions of 2,5R5
the genome at different stages of the life cycle of thefalciparum hypothetical proteins. This study also
parasite (Le Rocht al, 2003; Bozdecht al., 2003; focused on the late stage (schizont) of the
Huetal., 2010). Whole genome expression profiling falciparum IDC and identified a sub-network that
and transcriptional regulation during the blood stage encompasses 416 genes likely to participate in the
life cycle of P. falciparum were studied, which invasion process. In order to validate the predictions,
provided a useful insight into the cohort of genes a green fluorescent protein (GFP) tagging approach
involved in erythrocyte invasion (Le Roehal, 2003; was used to define sub-cellular distribution of 42
Bozdechet al, 2003; Huetal., 2010). One of the. proteins predicted to be involved in the invasion. In
falciparumtranscriptome profiling studies presented summary31 out of 42 selected proteins are associated
the temporal pattern of expression of more than 95%with the structures known to be directly involved in
of the predicted?. falciparum genes expressed in invasion.
human and mosquito stages (Le Retél., 2003). It
utilized custom-made, high density oligonucleotide
array (~500,000 features), designed using Rhe
falciparumgenome nucleotide sequence, to determine
the relative level of expression of parasite genes.

Taken togethethis set of information has been
extensively used by laboratories around the world to
identify and characterize novel proteins involved in
various biological processes of the parasite.
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Researchers engaged in understanding the invasiomvasion. These efforts not only augmeontr
process utilize two fundamental approaches to identifyunderstanding of the basic biology of the parasite but
novel invasins. The first one involves looking for also expand our repertoire of antigéres could induce
orthologues of the protein of interest across multiple potent invasion-inhibitory antibodies. Hence, to identify
Plasmodiumspecies for which either functionality novel targets, it ismportant to study new parasite
has been established in otfdasmodiunspecies or  ligands that mediate the complex process of
Apicomplexans likeToxoplasma gondiand the erythrocyteénvasion.

presence of specific domains which could play a role _ _

during invasion. The literature has numerous examples _I\/Iz_:lny groups haye foc_:used their attenthn on
of parasite proteins like several Rhoptry neck proteins'demIfylng such novel invasins (¢kramarachchet

(RONS),P. falciparumthrombospondin related apical aI_., 5008; nggggt a_I.,k2008; Prﬁelrgckleztoagélzggg;
merozoite protein (PFTRAMPApical Sushi protein Hindset al, Wickramarachchet a , ~hen

which has been identified by homology searches. Theataz:ll's’ e%[o;:t; g(;ié%r_e;[(it’ezp?%ié I;Ianzs;a)tlgl_., Elg#;;;
second is to utilize only the expression profilin ’ ’ " " :
y P b g al., 2015Anandet al, 2016) (Rble 1).The invasins

information as a useful marker to short-list invasins. _ h T h
The identification also takes into account the late stagehave certain common ¢ gracterlstlcs stch as up-
regulated transcription during late stages of asexual

expression based on the transcriptional profile of the . oo ) _
selected gene followed by sequence-based“fe cyc_le, localization on _the merozoite surface orin
identification to well characterized invasion associated the apical organelles (m_|cronemes, rhoptries, der_lse
proteins. The latter approach gained importance Owinggran_ules), presence of signal sequence at the amino-
to the failure in predicting the function®lasmodium terminus, presence of transmembrane domaln(G_PI
proteins based on little or no similarity with proteins a”Ch‘?r and flnally' the presence Of. characterlgtlc
of other organisms. In such a scenario, the informationdomains involved in surface adhesion or protein-

from these transcriptome databases is very useful foProtein mt_erall(ctlons. Tt;_e presenclze of ahSI.gn%l
evaluating the functionality of parasite proteins. sequence is known to direct newly synthesize

Erythrocyte invasion by merozoites is the most proteins to the endoplasmic reticulum (ER) and into

fundamental step that ensures parasite multiplicationt,he eukaryot_lc secretory pathwdy faluparum_
ligand proteins that are trafficked to the apical

at levels that lead to the malarial disease. Thus, it is I I dth hthe ER
important to identify and characterize novel blood- organelles are usually routed through the ER secretory

stage proteins (invasins) involved in erythrocyte pathway Potential parasite ligands that directly attach

Table 1: List of novel invasins discovered through P. falciparum transcriptomics study

Gene ID Length Signal Transmembrane GPI Localization Reference

peptide  domain anchor
PF3D7_0423400 217 aa Yes Yes No Rhoptry Neck Wickramarachchét al.,2008
PF3D7_0722200 750 aa Yes No No Rhoptry Bulb Haaseet al, 2008
PF3D7_0828800 738 aa Yes No Yes Micronemes Hindset al.,2009
PF3D7_0214900 950 aa Yes No No Rhoptry Neck Proellockset al., 2008
PF3D7_1035700 697 aa Yes No No Merzoite surface Wickramarachchet al.,2009
PF3D7_0323400 1086aa  Yes No No Micronemes Chenet al, 2011
PF3D7_0423800 362 aa Yes No No Micronemes Dreyeret al.,2012
PF3D7_0511600 208 aa Yes Yes No Rhoptry Neck Hanset al.,2013a
PF3D7_0316000 307 aa Yes Yes No Micronemes Hanset al, 2013b
PF3D7_1017100 310 aa Yes Yes No Rhoptry Neck Knuepferet al, 2014
PF3D7_1137200 415 aa No No No Exonemes Hanset al, 2015

PF3D7_1012200 267 aa Yes No No Rhoptry Bulb Anandet al, 2016
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with the host erythrocyte during invasion must be exhibited invasion inhibitory activity and provided
secured on the surface of invasive merozoite. Proteinsynergistic effects in growth inhibitory assays in
are known to directly associate with the membrane combination with antibodies to other parasite proteins
either through hydrophobic transmembrane helices orvalidating its important role in erythrocyte invasion
a GPI anchor as has been shown for a number ofPandeyet al, 2013; Kalraet al, 2016). PfAARP
invasive ligands. Thus, proteins that possess awas recognized by human serum samples from
transmembrane domain or GPI-anchor will be malaria-endemic regions, suggesting that naturally
expressed on the merozoite surface with a highacquired human antibodies were raised against
probability of being involved in the process of PfAARP. Presence of anti-PfAARBNtibodies in
erythrocyte invasion and being a target of potenthuman immune sera from endemic regions and
parasite neutralizing antibodies. Similadynumber  conservation oPfAARPgene across ddrentP.

of P. falciparumligands that are involved in key steps falciparumstrains and field isolates suggest that this
such as erythrocyte attachment and junction formationantigen is important for parasite survival, exposed to
have a transmembrane domain that embeds them ithe human immune system duriiy falciparum

the parasite surface membrane. This furtherinfections and may induce effective host-immune
emphasizes the importance of transmembraneresponse against the parasite. Recently it was reported
domains (Haaset al, 2008; Itoet al, 2013). The thatimmunization with recombinant PFAARP induces
proteins identified by homology searches are not thelong-lasting humoral and cellular response in mice.
prime focus of this reviewThis review lagely Thus PfAARP definitely needs further investigation
summarizes the invasins Bf falcipaumthat have  to be included as a multi-component blood-stage
been identified and characterized only using the vaccine candidate.

transcriptomics information. Such studies have proved _ _ _
extremely useful in deciphering the function for Plasmodium falciparum Rhoptry-Associated

antigens which do not have homology to known Leucine Zipper-Like Protein 1 (RALP1) (PF3D7_
proteins. 0722200)

RALP1 was identified by genome wide analysis of
the available gene expression profiles and primary
Plasmodium falciparum Apical Asparagine Rich sequence data for candidate genes involved during
Protein (PFAARP) (PF3D7_0423400) invasion (Haaset al, 2008; Itcet al, 2013). RALP1

is a 750 amino acid protein, possesses an N-terminal
PTAARP is a 217 amino acid (aa) long protein that signa| peptide and a leucine zipper-like domain, a
contains a putative N-terminal signal sequence, C-stryctural feature that facilitates protein-protein
terminal transmembrane domain, asparagine repeatseraction. RALP1 is conservedmasmodiunspp.
in the C-terminal half of the protein and a conserved gn( its orthologues were also identifiedPibeighei
polyproline stretch just before the transmembrane(pBANKA_0619700),p_ chabaudi(PCHAS_
region. PFAARP orthologues were also identified in 0621400)P. vivax(PVX_096245) an@. yoelii yoelii
P. bemghei (PBANKA_0523800),P. chabaudi  (pyp7382). RALP1 is expressed during schizont
(PCHAS_0524000),P. vivax strain Sal-1  stage of the intra-erythrocytic cycle and is apically
(PVX_090210) andP. yoelii yoeliistrain 17XNL  |ocalized in the rhoptry neck of merozoites. RALP1
(PY06454). PIAARP was also found to be conservedis conserved amongst field isolates and refractory to
among diferent P. falciparum strains and field  gene deletion studies, suggesting that RALP1 might
isolates, suggesting that PfAARP is a conservedp|ay an important role in invasion. RALP1 binds to
protein. PTAARP has maximal expression during the hyman erythrocytes through its C-terminal region and
schizont stage of parasite consistent with the yangjocates to the moving junction during merozoite
transcription data. PfAARP is localized in rhoptry neck jnvasion. Growth and invasion inhibition assays
of the merozoites. PFAARP N-terminal region (amino reyealed that anti-RALP1 antibodies inhibit erythrocyte
acid 20-107) binds to human erythrocytes in a sialicj,yasion by merozoites. MoreoyéRALP1 appears
acid dependent manner {gMramarachchet al, o pe a target of naturally acquired immunity during
2008).Antibodies tageting PfAARPecto-domain  p fa|ciparum infection. It is presumed that RALP1

Invasins of Plasmodium falciparum
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is a structural component of the rhoptries and/or partdomain comprising 10 cysteine residues. The Cysteine
of a densely packed rhoptry matrix and its function rich domain is unique and conserved across other
might be in the development, maintenance, or dischargéApicomplexans. PfRONG6 is conserved amongst

of the rhoptries, aiding the process of invasion. species ofPlasmodiumand amongst other
Apicomplexan parasites. The expression of PFRON6

GPI-anchored Micronemal Antigen (GAMA) is upregulated during the mature schizont stage of

(PF3D7_0828800) parasite life cycle. PfRONG localizes to rhoptry neck

of merozoites and is transferred to the parasitophorous

approach to define candidate proteins that may bevacuole dL_Jring invasion. PFRONG6 i_s also re(_:ogni_zed
components of the basic invasion machinery that is?Y human immune sera from malaria endemic regions
conserved between merozoites and sporozoites (HindS PaPua New Guinea (PNG) avigdtnam. PIRONG
etal, 2009), using proteome data for both merozoites'S refrr_:lctory tq genetlc' deletion and the cysteine rich
and sporozoites (Florenst al., 2002). The @r_nm_n of this prgtelq also cannot be trL.mca_ted
transcriptome data also confirmed its expression during'nd'_c""t'r_‘g the possible involvement of cysteine rich
the later stages of the asexual blood cycle, with ©9i0n in receptor ligand interaction, facilitating
maximal expression during 40 to 48 hours post- erythroc_:yte invasion or aiding in _corre_cf[ protein
invasion. GAMA is a 738-amino-acid protein (witha trafficking. PfRON6 has been identified and
predicted molecular mass of ~83 kDa). GAMA has a characterized as a novel invasin (Proelloeksl,
signal peptide (residues 1 to 24), a long asparagine-zoog)'
rich re_gion (rgsidues 356 to 485), and atransmembran%lasmodium falciparum Duffy binding like
domain (rg5|dues 715 to 738) encompassing a Gpherozoite surface protein (PfDBLMSP1)
anchor (Hindset al, 2009). GAMA is conserved
. : . (PF3D7_1035700)

acrosPlasmodiunspecies and its orthologues were
also identified irP. vivax(PVX_088910)P. knowlesi Initially, this Dufy binding-like domain containing
(PKNH_1322900), and. yoelii (PY07130), protein was identified using transcriptome analysis of
suggesting that it may perform a genus-specific the intra-erythrocytic developmental cycle (IDC) of
function. GAMA localizes to the micronemes Bf P. falciparum and the available proteome data (Le
falciparumschizonts and merozoites and displayed Roch et al., 2003; Bozdechet al., 2003).
cap-like staining on the surface in free merozoites PfDBLMSPL1 is a 697 amino acid long protein with a
(Arumugamet al, 2011). GAMA possesses an putative N-terminal hydrophobic signal sequence. It
erythrocyte binding epitope in the C-terminal region contains a central Duffy binding-like (DBL) domain
and it binds to the surface of erythrocyte in a (159-419 aa) and a secreted polymorphic antigen
chymotrypsin-sensitive but neuraminidase and trypsinassociated with merozoites @®) domain (543-696
resistant manneGrowth inhibition assays revealed aa) at the C-terminus (@kramarachchet al, 2009).
that anti-GAMAantibodies inhibitedP. falciparum Recently a new MSP3 multi-gene family was
invasion in a dose-dependent manpiays arole in  predicted, and PIMSPDBLL1 is one of the members
the sialic acid (SA)-independent invasion pathway andof this family (Singtet al, 2009). The expression of
in combination with PFEBA-175 antibodies exhibited PDBLMSP1 is strongly up-regulated during the late
a significantly higher level of invasion inhibition. schizont stage of parasite. PfDBLMSP1 is localized
GAMA could be detected by the sera samples fromon the surface of merozoite. The C-terminal region
malaria infected individuals, residing in malaria of the protein contains erythrocyte binding domain
endemic areas. GAMA has also been shown to beand the binding was sensitive to neuraminidase and
refractory to gene knockout studies. trypsin treatment. The antibodies generated against

_ _ _ the protein interfere with its binding to the erythrocyte.
Plasmodium falciparum Rhoptry Neck Protein 6 The pBLand SRM domains were found to be the
(PfRONG6) (PF3D7_0214900) targets of natural immune response against natural

PfRON is a 950 amino acid long protein, possessingEXPosure top. falciparum. PIDBLMSP1 has
an N-terminal repeat domain, sub-C-terminal POlymorphic regions within the DBL-3®1 domain

conserved domain and a C-terminal cysteine-rich "€9ion. The study suggested that PFDBLMSP might

GAMA was identified using a bio-informatics
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play a role in the initial attachment of merozoite with merozoite protein and attempts for its genetic
the erythrocyte during the process of invasian.  disruption were not successful suggesting its essential
recent study reports that the antibodies to role in parasite invasion (Dreyet al, 2012; Reddy
PIDBLMSP1 inhibit erythrocyte invasion of parasite et al, 2015) CyRFA is highly conserved (single
in vitro in a dose dependent manner (Sakanedto polymorphism among 1B falciparum straing and
al., 2012). PIDBLMSP1 is also part of the larger is not under immune pressure (Dregéal, 2012).
MSP1 complex (Liret al, 2014).Taken together =~ CyRPA was shown to be expressed in schizont stage
these reports suggested that PFDBLMSP1 is a novelof the parasite by western blotting and
blood-stage malaria vaccine candidate. immunofluorescence assay using the monoclonal
antibodies (mAbs) generated against it (Dreyed,
Plasmodium falciparum PfRHS Interacting  2010; Dreyeret al, 2012). CyRR is localized to
Protein (PfRipr) (PF3D7_0323400) micronemes in schizont stage parasites and is present

Mature full-lengthP. falciparum RH5 interacting &t the apical surface of an invading merozoite during
protein (PfRipr) has a molecular weight of 123 kDa invasion. CyRR-specific mAbs substantially inhibited

with 10 epidermal growth factor-like domains and 87 Parasite growtin vitro as well as in & falcipaum
cysteine residues distributed along the protein (Chend"imal model based on NOD-scid IL@ull) mice
etal, 2011).An EGF domain has 6 cysteine residues endrafted with human erythrocytes (Dreygral,
and the position of each is relatively conserved in the2012)- Antibodies against bacterially expressed

ten EGF-like domains of PfRipr (Chenal, 201). ~ CYRFA full-length protein display potent, strain-
In mature schizont stages, PfRipr undergoestranscend'ng invasion inhibition against multiple

processing towards its central region to yield two falciparumstrains (Reddgt al, 2015). It has been
polypeptides that associate and form a complex withShoWn that CyRR and PfRipr form a complex with
PfRH5. The PfRipr protein is localized in the apical PfRH5and PfRHS5 binds to basigin on the erythrocyte
end of the merozoites in micronemastibodies to ~ surface (Reddet al, 2015). RecentlyP1l3 was

PfRipr modestly inhibit merozoite attachment and 'dentified to be another component of the PfRipr/
invasion into human red blood cells. PfRipr could not PTRHS/CYR complex (Galawagt al, 2017).

be genetically disrupted, suggesting an essential ro'%lasmodium falciparum Apical Rhotry Neck

of the protein. (Chemt al, 2011). PfRipr is one of Protein (PFARNP) (PF3D7_0511600)
the components of the essential PfRH5 adhesion -

complex. Determination of antibody levels in human PfARNP is a rhoptry neck protein which has been
sera collected from malaria-exposed individuals shown to be present at the tight junction during invasion
against PfRipr is currently being studied to find any (Hanset al, 2013a). It is 208 amino acid long protein
possible association with clinical malaria and naturally harboring a well defined signal peptide and a
acquired immunityFurther analysis of polymorphism, transmembrane domain. The protein is conserved
genetic diversity and conservation in different amongstPlasmodiumspecies. The expression of
worldwide P. falciparum strains and field isolates PfARNP showed sharp induction during late asexual
would also give valuable information on the utility of stage of the parasite. PFARNP is present in the
this probable vaccine candidate (Ntegal, 2016). rhoptry neck of free merozoites and was found to
_ _ _ _ localize at the tight junction during invasion. Inter-
Cysteine-rich Protective Antigen (CyRPA)  gpecies conservation of the protein, late stage

(PF3D7_ 0423800) expression, localization in apical organelle, presence

CyRRA was identified by analyzing the genome-wide °f Protéin at tight junction and in parasite culture
transcriptome and proteomic information generated SUPematant indicates that it could play a role in
since 2002 and it is also clustered into an interaction€/Ythrocyte invasion (Haret al, 2013a).

network implicated in merozoite invasion (Le Roch
et al, 2003; Bozdeclet al, 2003; Huetal., 2010).
CyRRA is a 362 amino acid long protein having an N-
terminal signal peptide and 12 cysteine residuesPfMA is a 307 amino acid protein (~ 37.1 kDa) that
(Dreyeret al., 2012). CyRR is a conserved contains an N-terminal stretch of hydrophobic

Plasmodium falciparum Merozoite Associated
Antigen (PfMA) (PF3D7_0316000)



900 Nidhi Hans et al

residues, a C-terminal single transmembrane domairdetection at the moving junction (MJ) in a small
and a short cytoplasmic tail (Haes al, 2013b). number of invasion events also indicates that it might
PfMA homologues were identified iR. vivax also play a direct role in host cell invasion.
(PVX_095435),P. beighei (PBANKA 041380),P. _ . . _
chabaudi(PCHAS_041470)P. yoelii (PY03459)  Plasmodium falciparum Apical Exonemal Protein

and P. cynomolgi(PCYB_083370). It harbors a (PFAEP) (PF3D7_1137200)

weak §igna| peptide_: and a well-defined transmembraner; o gene encoding PFAEP is located on chromosome
domain. Expression of PIMA was shown 10 be 1 444 single exon. PfABRotein is 415 amino acid
transcriptionally and translationally up-regulated |,nq yith 4 predicted molecular weight of 50.2 kDa.
during the schizont stage of parasite. PfIMA was alsoq ancoded protein is predicted to contain a weak

shown to be expressed in several oMéaicipaum — n_terminal signal peptide sequence (1-22). PfAEP
strains. The study reported that PfMA is localized to homologues were identified in othBtasmodium

the micronemes of mature schizonts and freegecies The orthologs of this gene was identified in
merozoites. Native and recombinant PfMA was Toxoplasma Babesia Kluyveromyces and

shown to bind to human erythrocytes in a sialic acid Neospora Like other invasion related proteins,

independent, chymotrypsin and trypsin-resistant piaep expression is upregulated at schizont stage of
manner The antibodies generated against the ecto-yq jntra_erythrocytic parasite. PFAEP is localized in
doma_ln of PIMA |nh|b|te_d the binding of native PIMA . apical secretory organelle exonemes (Haa,
protein to erythrocyte in a dose-dependent manner, g1 s- Agarwal et al, 2012). Interspecies
The antibodies generated against PIMA also inhibited - \seryation of the protein, schizont stage expression

P. falciparum erythrocyte invasion. and apical localization in exonemes indicates that it

Rhoptry Neck Protein 12(RON 12) (PF3D7 could play a role in erythrocyte egress or invasion
1017100) - (Hanset al, 2015).

RON12 was identified by using the criteria similarto Plasmodium falciparum Rhoptry Associated
identification of GAMA (Hindset al, 2009; Knuepfer ~ Adhesin (PfRA) (PF3D7_1012200)

etal, 2014). RON12 is a 310 amino acid long protein 1o ptrA native parasite protein comprises of 267

and orthologues in othélasmodiumspecies such  ming acids with a putative N-terminal signal peptide

as P. vivax (PVX_001725),P. knowlesi(PKH_ g ming acid 1-22). PfRA orthologues were also
060120),P. beghei (PBANKA_050140) antP.  jjantified in P. vivax (PVX_094830),P. knowlesi

yoelii (PY00202) are highly conserved. RON12 has (PKNH_0812000)P. yoelii (PY03476) andP,

a predicted signal peptide but no transmembraneqaha.,di(PCHAS 121300). Like other invasion
domain and it is expressed during the schizont staggq|5teq proteins, PfRA is expressed only at the

of parasite. Immunofluorescence studies and IMMUNO~oj, ot stage of the intra-erythrocytic parasite across
electron microscopy indicated that RON12 localizes multiple P. falciparum strains. PfRAs localized in
in the rhoptry neck of merozoites. Knuepétral, o anica) organelle, rhoptry and undergo translocation

2014 looked into the localization of RON12 at the y, ihe merozoite surface during erythrocyte invasion.
time of invasion and established that RON12 remainsptr A exhibits erythrocyte binding activity and acts

mainly within the rhoptry neck until the invasion has ¢ 5 ligand engaging with sialic acids on the

almogt completed before being relocated to _theerythrocyte surface, thus mediating invasion through
pgrasnophorous \_/acuole _(PV_). RQN12 also as_somate%e sialic acid dependent pathw&§RA antibodies

with the progressing moving junction, suggestive of a g ifically blocked the erythrocyte binding of both
potential role within this structure. The study also 4tive and recombinant PfRA. PfRA antibodies
reported that RON12 could be knocked ouPin  jnipjted erythrocyte invasion and in combination with

falciparum and P. beighel The parasite however  piipqdies against other parasite ligands produced an
exhibited growth retardation compared with wild-type , itivie inhibitory effect, thus validating its important

para;ites. This study described an invasin \_/vhich ISole in erythrocyte invasion (Anared al, 2016).
localized to rhoptry neck and involved in the

establishment of PV of the intracellular parasite and The subset of invasins identified by homology
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based search includes rhoptry neck proteins (RONs)and varying by age group) {SS ClinicalTrials
PfRON2, PfRON4 and PfRON5 were identified in Partnership 2015)Till date, severP. falciparum
Plasmodiumby homology to ones known in merozoite antigens have been assessed in human
Toxoplasma gondji TJRON4, TJRON2 and  vaccine trialsThese includ&MA1 (Sagaraet al,
TgRONS5 (Alexandeet al, 2006; Cacet al, 2009; 2009), EBAL75 (El Sahlgt al, 2010), MSP1 (Ogutu
Collinset al, 2009; Morahaet al, 2009). The RONs et al, 2009), MSP2 (Gentoat al, 2003), MSP3
have been shown to be part of moving/tight junction (Esseret al,, 2009:Audrunet al, 2005; Sirimaet al,
complex in association with micronemal protein 2009; Druilheet al, 2005), Glutamate-rich protein
AMA-1 which commits the merozoite entry into the (GLURP) (Essert al, 2009; Hermseat al., 2007)
erythrocyte. RON1 which is also denoted as apicaland Serine repeat antigen 5 (SERAS) (Hetial,
sushi protein (ASP) was also identified by homology 2010).AMAL1 is known to play an important role in
search to detect sushi domains witRilasmodium  erythrocyte invasio®MAL is the most widely studied
proteins. Sushi domains are known to be site ofcandidate and has been tested in 23 human trials on
protein-protein interaction for immune complement its own, and in nine studies in combination with other
mediatorsASPhas been shown to be localized in the antigens. Phase-I studies have shown the vaccine to
rhoptry neck and released sequentially during thebe safe and immunogenic. Howewagry little to no
invasion process (O’'Keeffet al, 2005; Srivastava efficacy has been reported in the Phase Il trials
et al, 2010; Zuccaleet al, 2012). Several other conducted so far (Ouattagdal., 2010; Therat al,
proteins identified based on homology searches contair011). In Phase Il studies, the vaccine recipients had
the conserved thrombospondin structural repeat motifreduced parasite growth rates but vaccine failed to
(TSR).P. falcipaumTRAMP (PfTRAMP) contains  protect malaria naive participants whilst undergoing
a conserved thrombospondin structural repeat (TSR)sporozoite challengeR. falcipaum MSP1 based

in the ecto-domain and plays a critical role in vaccines have yet to demonstrate clear efficacy in
erythrocyte invasion (Thompsenal, 2004; Siddiqui  humans AMAL1 and MSP1 have been the leading
et al, 2013). In totalitythis approach has also been candidates for blood stage malaria vaccine
successful in identification and characterization of development, but a high frequency of antigenic

novel invasins. polymorphisms are believed to be responsible for their
_ failure to induce protection in field efficacy trials
Conclusion (Cromptonet al, 2010).P. falciparum reticulocyte

The emergence of drug-resistant parasites andPinding-like homologous protein 5 (PfRHS5) is emerging

insecticide resistant mosquitoes has complicated the?S & Promising vaccine candidate and PfRHS-based
battle against malaria, enforcing an urgent need for a/aCCINes are now progressing into clinical trials
malaria vaccine (Chauhaet al, 2010). Malaria (Douglaset al, 2015).

vaccine development has been hindered by the Current efforts on the development of an

enormous complexity of the parasite life cycle, wide- gffective malaria blood-stage vaccine are based on
spread antigenic polymorphisms and inadequatefe parasite antigens and taking into consideration
knowledge of host pathogen interaction. However their current field dfcacy, there is an gent need to
there are strong indicators that a malaria vaccine maydentify and validate novel vaccine candidates. It is
be possible. Passive transfer of antibodies fromapparent that our knowledge on the complete
malaria protected individuals to naive individuals repertoire of parasite ligands that mediate erythrocyte
conferred protection against challenge. Further jnyasion through multiple pathways is limited and even
naturally acquired antibodies against merozoite tphe precise function of known ligands is poorly
surface proteins and invasion ligands have beenyngerstood. This clearly poses a major challenge in

correlated with protection from severe and clinical e development of effective malaria blood-stage
malaria studies from malaria endemic regions. Theyzccine.

most advanced malaria vaccine targeting sporozoites,

known as R'S,S has completed phase three trials in Despite the tremendous research efforts since
African children and demonstrated only modest the publication of the. falciparumgenome sequence
efficacy of 29-36% (when a booster dose was given,(Gardneret al, 2002), approximately60% of the
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proteins encoded bk. falciparum genes have no The development of high-density
defined function associated with them and bear little deoxyribonucleic acid (DNA) microarrays of open
or no similarity with proteins of other organisms (Le reading frames (ORFs) facilitated the study of the
Rochet al, 2003; Bozdecket al, 2003; Huet al., functional roles of individual genes and their
2010). In the absence of tools for high-throughput relationship to other genes. Le Raattal, 2003 and
gene knockdown strategisisch as RNA interference  Bozdechet al, 2003 were the first to use DNA chips
(RNAI), the identification and validation of essential to analyze gene expressionRnfalciparum across
genes of the parasite remains a major bottleneckhe entire asexual blood stage life cycle of the parasite.
(Visvesvara and Garcia 200Zheidentification of Their study concluded that expression profiles can be
essential genes in the parasite has been veryised to empirically assign functions to un-
challenging due to aexceptionallyAT-rich nuclear  characterized proteins encoded by Rh&alciparum
genome with an unusually low frequency of genome. Thus, resources obtained from the complete
homologous recombination, which makes the genomegenome sequence Bf falcipaumand the existing
refractory to genetimanipulation (Balu 2007Also, information from theP. falciparum transcriptomics

in vitro cultivation is a delicate process that is still and proteomics of different stages makes it more
mainly restricted to the blood stage of the parasiterealistic to use genome wide approaches to identify
(Augagneuret al,, 2012) and thémitation of using novel invasion-related proteins.

primates as animal models makes fhevivo _ _
assessment ekssential genes limited and expensive. _Thus, in order to get a complete understant_jlng
However with the recent advancements in research,_Of blc_)l'ogy' of the blood Stage qf the parasite,
it seems that cost-effective gene knockdown strategieédent'f'cat'on and characterization of novel

of P. falciparum genes may be feasible at a high- falciparum b.Iood-_stage protein_s inyolved in
throughput scale (Pinet al, 2012). erythrocyte invasion becomes inevitable. The

transcriptome data fde. falciparum has proven to

In the past decades, high throughput mass-be instrumental in the identification of new antigens
spectrometry based proteomic studies have beemwhich are involved in the process of invasion. It is
explored for the identification of essential proteins noteworthy that none of the above mentioned invasins
expressed in different stages of parasite developmenthad a domain homology to known proteins which could
Approximately 2,400 proteins from sporozoites, have helped in predicting their function. This exercise
trophozoites, merozoites and gametocytes have beenf continuous identification of new antigens will surely
identified using multi-dimensional protein identification enrich our understanding of basic parasite biology and
technology (MudPIT) (Florenst al, 2002). The  would definitely help in translating the findings for the
Leiden Malaria Group provided a mass spectrometry-development of novel malaria intervention strategies.
based merozoite proteome that is currently available
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