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ABSTRACT

Malaria remains one of the world’s worst health hjeons, which causes 216 million new cases and
approximately 655,000 deaths every year WHO Workllavla Report, 2011. Malaria transmission to the
mammalian host is initiated through a mosquito bit delivers sporozoites into the vertebrate .hblsé
injected sporozoites are selectively targeted verliwhich is the first obligatory step in infectidhus
making this stage an attractive target for bottgdind vaccine development. Research using rodedelsio
of malaria has greatly facilitated the understagdifh several aspects of pre-erythrocytic parasipdoby

and immunology. However, translation of this knodge to combaPlasmodium falciparum infections still
offers several challenges. We highlight in thisieew some of the recent advances in the field of
Plasmodium sporozoite and liver stage biology and in the gaten of whole organism attenuated
vaccines. We also comment on the application afsganic models central to Circumsporozoite Protein
(CSP) in understanding the mechanism of pre-ergtfiwimmunity.
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1. INTRODUCTION motility and host cell invasion (Sultag al., 1997).
While the cytoplasmic tail of TRAP connects itselfthe
1.1. The Sporozoite Stage, Molecular Motor and ~ actin-myosin  motor through a glycolytic enzyme
Host Cdl Invasion aldolase (Busc_aghet aI.,_2003_), an extraceIIu_Iar domain
of TRAP consisting of integrin like a domain andR'S
Plasmodium sporozoites are the infective forms of (Thrombospondin Type 1 repeat) likely attacheslfitse
parasite to the vertebrate host and infection iisated either to the cellular receptors or solid subsg:a®hen
when femaleAnopheles mosquitoes inject these parasites the molecular motor engages TRAP in a backward
in the avascular portion of the dermis while prapior a direction, the extracellular domain is fixed to stibte or
blood meal (Vanderberg and Frevert, 2004). Witlhie t cellular receptors generates a traction that allohes
dermal layer, the sporozoites glide through exthalee sporozoites to glide forward, a movement referedg
spaces as well as several cellular barriers (Arstred., gliding motility (Kappeet al., 2004). Another related
2006) utilizing a molecular motor present underhdhe protein belonging to TRAP family referred to as TIRA
plasma membrane. The components of the moleculatike Protein (TLP) was found to be exclusively
motor are located within the cortical space presentexpressed in salivary gland sporozoites. Like TRike,
between the sporozoite plasma membrane and the innecytoplasmic tail of TLP also binds to aldolase it
membrane complex (Kappst al., 2004). A sporozoite penultimate tryptophan residue and the absencelBf T
specific type 1 transmembrane protein called aswas associated with partial defect in gliding nittil
Thrombospondin Related Anonymous Protein (TRAP) (Heiss et al., 2008). However, an independent study
has been shown to be essential for parasite glidingeported a deficiency of TLP knock out parasitesei
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traversal with no defect in gliding (Moreie al., 2008). (see below). A likely role of region Il has been
More recent studies have implicated the role oft I5mck proposed in providing structural organization and
Protein 20 (HSP20) in regulating the function ofl ce framework for the neighboring region Il-plus motif.
traction and motility of sporozoites and ablatidrH®&P20 The function of CSP protein begins to appear & th
impaired migration in the host cells (Montaghal., 2012). ~ mosquito stages called oocyst where sporogony is
While establishing infection, sporozoites exhilipt  initiated and in oocyst derived from CS knock out
modes of cellular invasions: one referred to asdhing ~ parasites, the sporozoites formation is impaired
where sporozoites randomly enter and exit cells(Menardet al., 1997). Further, the exit of sporozoites
(Mota et al., 2001). During this process, sporozoites from oocyst is also dependent on CSP and is metimte
induce a transient pore in the plasma membrandef t region ll-plus, a conserved motif of positively ofed
host cells that is resealed eventually. In theradtee ~ residues of arginines and lysines and mutatiorhese
mode referred to as productive invasion, the spiteg ~ Critical residues to alanines prevents this process
form an invagination in the hepatocyte plasma (Wang et al., 2005). Alternatively, egress of the
membrane by formation of a moving junction. This Sporozoites from oocyst has also been assignechto a
movement results in the formation of a vacuolar 00Cyst specific cysteine protease Egress Cysteine
structure, derived primarily from hepatocyte plasma Protease (ECP1) (Aly and Matuschewski, 2005),
membrane (Banet al., 2007) that completely subsumes however whether CSP is a likely substrate for ECP1

enclosing the invaded sporozoite, thus initiatirge t
process of sporozoite transformation into Exo-
Erythrocytic Forms (EEFs) or liver stages. A rofehost
cell F-actin has been implicated in the formatioh o
moving junction while the sporozoites are produaiv
invading. This event appears to be an active psotted
recruits actin related protein 2/3 complex (AprZ2é8}he
site of moving junction and the process was seyerel
impaired in the presence of actin-filament dessain
agent-jasplakinolide (Gonzaletal., 2009).

1.2. Commitment of Sporozoite Infection to
Hepatocytes. The Role of CSP

The commitment of sporozoite infection to liverais
complex process with a definitive evidence for mhajor
sporozoite surface protein called CSP in this msce
CSP plays pleiotropic roles in biology of the spmites
and liver stages and being extensively accentuaiatie
sporozoite surface, it is not surprising that there
several functional domains in this protein thatilfade
the navigation of sporozoites either to salivargngl or
to hepatocytes. The CSP from differePiasmodium
species exhibit the same structural features tidtide
a signal peptide, a central domain mainly congjstif

amino acids repeats and a C-terminal hydrophobic

sequence (McCutchaet al., 1996). In addition there

are conserved motifs among CSP proteins referred a

region I, ll-plus and Ill. Region | is a pentapepid

sequence represented by KLKQP and is known to

facilitate the attachment of sporozoites to salivar
glands (Sidjansket al., 1997). Region | also serve as a
substrate for the parasite cysteine protease redjdior
CSP processing (Coppat al., 2011). Region ll-plus
resides in the proximal region of Thrombospondin

Repeat (TSR) type | domain present in both, CSP and
TRAP and extensive evidence for its role as an

adhesive motif for hepatocyte attachment is wetiwn
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remains to be elucidated. Several lines of evideaise
indicate that Region II-plus is crucial for the tial
attachment of sporozoites to hepatocytes. These
observations were evident from the studies that
recombinant CSP protein binds to HSPGs in the human
liver sections and this binding is dependent on the
presence of region ll-plus motif (Cerami al., 1992;
Frevertet al., 1993). Further the binding of sporozoites
or recombinant CSP to HepG2 cells, a cell line that
favors complete development of liver stages ishitdd

in the presence of synthetic inhibitors representin
region ll-plus (Sinnist al., 1994). A likely explanation

for specificity in binding is attributed to the ion
interactions between positively charged residueggibn
ll-plus and the sulphated HSPG glycosaminoglycan
chains (Pinzon-Ortigt al., 2001). Accumulating evidence
also suggests that processing of CSP by parastsfisp
cysteine protease is required during hepatocyesiona
and the event is initiated when sporozoites conittact
with hepatocytes (Copjat al., 2005). A more recent study
revealed the occurrence of two conformational stébe
CSP that determines the migratory state of theozpites.
One of the conformations is where the C-termindl ce
adhesive domain is not masked by the N-termindbreg

of the protein and this form functions during syamite
development in oocyst and hepatocyte invasion. The
second conformation masks the C-terminal region and
Thaintains the sporozoites in the migratory stathis T
study demonstrates that proteolytic cleavage of CSP
facilitates the switching to adhesive conformationl that

the conserved region | motif (KLKQP) bears cleavsige
(Coppietal., 2011).

1.3. Migration  Facilitates  Activation
Spor ozoites for Hepatocyte I nfection

of

Sporozoites need to make tortuous journey from the
site of inoculation to hepatocytes in order to cure
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their life cycle. During this sojourn, they passotigh
dermal cells of skin, endothelial cells of bloodssel;
reach the sinusoidal lumen from where they ent& in
the liver parenchyma passing through the Kupfféisce
the resident macrophages of the liver (Frewtral.,

Search for other host factors that lead to spot®zoi
activation have identified the role of intracellula
concentrations of potassium [142mM]Kn enhancing the
sporozoite infectivity with a concomitant decreasethe
migration (Kumaret al., 2007). In these studies the effect of
2005; Baer et al.,, 2007). The major challenges 142mM [K'] on sporozoite infectivity was readily reversed
sporozoites face are to retain infectivity for hegstes in the presence of potassium channel inhibitollyli
and to safe guard themselves from the destruction oraising the possibility that influx of Kions alter sporozoites
immune attack during their progression from skirtlte infectivity patterns. A role of bifunctional geneithv
liver. While migration endows the sporozoites witle  adenylyl cyclase activity andKchannel function has been
unique capacity to remain intracellular therebyidv@  formally demonstrated in the sporozoite stages and
destruction by CD1Ibphagocytic cells (Amincet al., silencing the expression of this gene product tesuin
2008), it also facilitates the contact of sporozeitvith  altered exocytosis in sporozoite with a dramatioretese in
several host factors that influence sporozoiteciifity  their ability to infect hepatocytes (Orbal., 2008). Though
to hepatocytes. For instance, high levels of heyyao  host factors likely play a crucial role in spordeoi
specific sulphated HSPGs provide a cue to theactivation, there is evidence that in instances revhe
sporozoites to switch from migratory to invasived®o  sporozoites are compromised in their cell traveastbity,
depletion of HSPG sulphation levels keeps the gapjlity to efficiently transform into liver stagéshinoet al.,
sporozoites in migratory state. This switch is ljke = 5004). Whether there exists any redundant mechaofsm
mediated by calcium dependent protein kinase CDPK-6gporozoite activation that may be turned on by ulefan
and is accompanied by proteolytic cleavage of CSPihe ahsence of exposure to host factors is spaeuland
(Coppi et al., 2007). The ability of sporozoites t0 \eeds further investigation.
regulate C& dependent exocytosis of micronemes has " The role of sporozoite surface proteins like Membra
been reported during migration through cells (Meta  agack Complex/Perforin (MACPF)-related domain piot
al., 2002). This could additional facilitate a timely (Ishino et al., 2005) andP. berghe phospholipasePp PL)
release of surface proteins like TRAP and CSP redui  paye been shown to influence the sporozoite migrati
for motility, invasion and commitment to hepatocyte ynder in vivo conditions. While MACPF knock out
infection. A seminal finding implicated the role of parasites revealed an essential role of this protei
hepatocyte growth factor released during sporozoitecrossing sinusoidal cell layer for successful ifnmsnto
mediated cell wounding in enhancing the hepatocytenepatocytes, theb PL parasites bearing mutations in the
responsiveness to infection by signaling througmet  catalytic domain were unable to reach the liver as

tyrosine kinase receptor (Carradbal., 2003). However
the relevance of HGF mediated signaling in incregsi
the infectivity of neighboring hepatocytes is highl

debatable. One study reported the activation of NF-

kappaB (NFKB) signaling following exposure of

cytosolic contents released from sporozoite wounded

cells in primary hepatocytes and cultured HepG2scel
(Torgler et al., 2008). A role of Toll/IL-1 receptor and
MyD88 has been implicated in mediating this sigmali
resulting in the induction of inducible NO synthassd
limiting the efficiency of Plasmodium infection of
hepatocytes. Importantly, this effect was obseroaty

in Wild Type (WT) sporozoites but not with SPECTokk
out parasites (Ishinet al., 2004) that are deficient in cell
traversal activity. Attempts to characterize othHewst
signaling proteins using a kinome wide RNAi screen
identified five host hepatocyte kinases implicated
sporozoite infection. Functional vivo validation of one of
these kinases PKC zeta showed significant inhibiti
Plasmodium berghei (P.berghel) infection, when liposome-
formulated PKC zeta-targeting siRNA was administere
systematically to mice (Prudenaial., 2008).
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efficiently as WT sporozoites from the site of intation
(Bhanotet al., 2005). A role for TLP has also been assigned
in cell traversal activity. Attenuation of TLP exwgsion
yielded a phenotype where sporozoites were rendered
deficient in cell traversah vitro and with a striking defect

in infectivity to mice when the mutants were delack
intradermally (Moreiraet al., 2008). The defect, however,
was less severe when the infection was done tgvieious
injection. The role of TLP in cell traversal wagsther
confirmed using Madin-Darby Canine Kidney (MDCK)
cells monolayer assay. MDCK cells form tight juons
and sectioning the monolayes to detect parasisédeirand
outside the cells revealed greater retention of ttfe knock
out sporozoites in the cytoplasm of the MDCK celts
compared to WT sporozoites (Mistataal., 2012).

14.Tight Regulation of Salivary Gland
Sporozoite Developmental Process Allows
their Differentiation only in Hepatocytes

Sporozoite transformation into EEFs occurs onlyhi
vertebrate host. This implies that salivary glapdrszoites
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need to have a tight control over their developrpentess  1.6. Development of EEF I nside Hepatocytes
so that the sporozoites remain quiescent whilealivasy
gland and start to differentiate only inside vendgd host. A
recent study has demonstrated that this is aneagpticess
regulated by phosphorylation of eukaryotic inibatfactor-
2alpha (elF2) by a protein kinase IK2, a global inhibitor o
protein synthesis that leads to arrest of tramslatind
stalling of mRNA into granules (Zhang al., 2010).
Further two independent studies have implicateddtgeof
the RNA binding protein, Puf2 in translational rizgion
(Gomes-Santogt al., 2011; Muelleret al., 2011) and one of
these studies report the direct role of Puf2 inilapn of
IK2. In the absence of both IK2 and Puf2, the spaites
transform into liver stages prematurely while iriveay
gland and lose their infectivity. An emerging seen&om
these studies is thaPlasmodium utilizes the same

mechan_ism as mamma"e!” ceIIs_ o inhibit_ glob_al _qjmt compartments of hepatocytes is well known. Whether
synthesis. While mammalian serine threonine kindkes  £app failtates a similar role in recruiting hdgtids to
PERK, GCN2, HRI and PKR phosphorylate the serine 5953 required for liver stage development is arigaing

of elFZx in achieving this inhibition during environmental hypothesis to test especially in the light of recen
stress, théPlasmodium IK1, IK2 and PK4 seem to be the ¢ystallographic evidence suggesting its interactivith

mammalian counter parts to achieve the same dffett  nospholipid-phosphatidyl ethanolamine (Sharetaal.,
during the progression from sporozoite to EEF stai®l  2008). Depletion ob)IS4 resulted in a phenotype similar to
while transition during erythrocytic stages. Infact ;s3 knock out with arrested EEFs and impairment in the
phosphorylation of the regulatory serine 5®PtE#smodium  jnjtiation of blood stage infection (Muellet al., 2005b).
elF2x by PK4 has been shown to be essential forThe immunolocalization of UIS-4 both on the surfade
completion of erythrocytic cycle (Zhargal., 2012). The  pyM as well as on the tubulo vesicular extensidikely
|mpllcat|0n of these observations is that drugs theget Suggests its role in trafﬁcking of host molecules.
PK4 activity can alleviate the disease and inhibit Devek)ping EEFs must meet the ever demanding
transmission of malaria. requirement of fatty acids needed for membranedniegis
1.5. The Unconventional EEFs-The Skin Stages during cytomere fprmation. Ev_id_ence for _ met_abolic
pathways involved in de novo lipid synthesis esaknt
Though hepatocytes are the permissive cells thatduring liver stage development already exists (Tatwl.,
favor complete development of sporozoites intorlive 2008; Yuet al., 2008; Vaughaut al., 2009). The FAS-II de
stages, recent observations using intra vital rsiwpy novo pathway for synthesis of fatty acids is regubrin
have demonstrated the existence of EEF like fomtkhe Plasmodium and is known to occur in the apicoplast; a relict
skin (Gueirardet al., 2010). The skin cells supported plastid organelle of cyanobacterial origin. Severatymes
complete exo-erythrocytic schizogony, albeit skin that catalyse the FAS-Il mediated pathway are esttadal
derived merozoites did not significantly contribtiethe Plasmodium and two enzymed-abB/F and FabZ were
erythrocyte infection. Some EEFs were uniquely found to play a critical role in the liver stagevelepment
associated with immune privileged sites of skinrhai (Vaugharetal., 2009).
follicles that are devoid of MHC-Class | antigen .
presentation and persisted for weeks. Whether thesé’j' Over coming the Host Defence Responses
quiescent EEFs are functional equivalents of Host defence responses like respiratory burst,
Plasmodium vivax hypnozoites that can cause relapse inflammation and phagocyte mediated destruction of
infections needs further investigation. Using rdden EEFs may limit the progression of the liver stadgsth
model, the effect of protective immunity generatBd  sporozoites and liver stages have evolved a plathor
irradiated sporozoites was analysed on the pensistef  strategies to antagonize the host responses. Afoole
skin EEFs. These studies revealed that skin EEFe we CSP in preventing the activation of respiratory dhur
susceptible to immune clearance in immunized mice,while migrating through the liver resident Kupffer
nonetheless, unlike liver derived EEFs they weré no cells was reported (Usynigt al., 2007). In this regard,
susceptible to primaquine (Voehal., 2012). both CSP and sporozoites are capable of inducieg th

Productively invaded sporozoites undergo
transformation into EEFs or liver stages. The gene
products of several developmentally regulated tnapis

n that are up regulated in the salivary gland spatezo
referred to as UIS (up-regulated in infective spoites)
genes (Matuschewskt al., 2002) have been instrumental
in complete transformation of the EEFs. Silencihg)i&

3 by knock out approach has led to the generation of
parasites that were attenuated in the early livages
(Mueller et al., 2005a). In addition to its role in parasite
development, UIS-3 interacts with the host celiyfaicid
binding protein (L-FABP) (Mikolajczalet al., 2007) by
virtue of its unique localization on Parasitoph@ou
Vacuolar Membrane (PVM) surrounding EEF. The rdle o
L-FABP in trafficking of lipids within the membrane
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cAMP production in Kupffer cells that have the #@pito
inhibit the NADPH oxidase activity necessary for
generation of reactive oxygen species. This siggails
mediated by HSPGs and low density lipoprotein reawrep
related protein LRP-1, expressed on Kupffer cells.

The liver stages are clinically silent harboringvfe
thousands of merozoites yet there is no trace ¢f an
inflammatory response generated during their grawth
hepatocytes. One study reported the role of CSEeipro
in this process (Singhkt al., 2007). CSP has in its N-
terminus part an export motif called as Pexe
(Plasmodium export element) or Vaculolar Transport
Signal (VTS) first identified in blood stages amgborted
to export proteins to infected erythrocyte membrane
(Hiller et al., 2004; Martiet al., 2004). Transfection d®.
berghel blood stages with GFP fusion constructs
containing N-terminus of CSP encompassing Pexeif mot
resulted in translocation of GFP protein into ergtyte
cytoplasm. Further mutating the critical arginineda
lysine residues to alanines or eliminating the Penatif
of parasite precluded the translocation of CSP in
hepatocyte cytoplasm resulting in compromised EEF
development. The same study also identified the
existence of both a bipartite Nuclear Localizatiignal
(NLS) as well as Nuclear Export Signal (NES) in CSP
Peptide sequences representing the NLS competéd wit
NF-KB, a proinflammatory transcription factor from
translocating into the host nucleus using impoatipha
receptor present on the nuclear lamina. These estudi
highlight the role of CS in anti-inflammatory respes
by preventing the nuclear translocation of KiB-

Mitigation of host immune responses is also esaknti
at the point when hepatic merozoites are readyeto b
released into the blood stream following its conwle
development in hepatocytes. To safe guard theivetgl
into the liver sinusoids, specialized membrane bloun
structures called as merosomes, a vesicle derired f
host plasma membrane (Grae#&el., 2011), buds from
the detached hepatocytes and deliver them in thez li
sinusoids (Sturnet al., 2006). During this process, the
parasites inhibit the exposure of Phosphatidylserin
(PS) on the outer leaflet of host plasma membrhae t
acts as a signal for the phagocytes to engulf thegd
infected cells. The prevention of PS exposure is
mediated by sequestration of the host'Ciato the
merozoites while the detachment of the dying host
cells was inhibited in the presence of general apst
protease inhibitors likely pointing to the centrale
of cysteine proteases in this process.

an Jouoidammunology, 2012, 8 (3), 88-100

these results were the observations that exogeowers
expression of HO-1 in mice liver or treatment ofceni
with carbon monoxide or biliverdin each of whichear
enzymatic end products of HO-1 also increased the
parasite liver load. Taken together, these stusliggest

an elegant interplay of host and parasite factuas play

an efficient role in preventing the inflammatory
responses thus facilitating a successful estabésitrof
liver stage infection.

1.8. Effect of Concomitant and Super Infections
on EEF Development

Though natural infections by Plasmodium
sporozoites are shown to induce CDB cells, it is
unknown whether concomitant infections have any
impact on the modulating the CD& cell memory
responses generated against pre-erythrocytic steyes
study reported that the blood stage parasites iinhib
Dendritic Cells (DC) function by altering its antig
presentation capacity thus precluding the inductbn
efficient liver stage immunity (Ocana-Morgnetr al.,
2003). Using the Pyoelli CSP-TCR transgenic model,
an independent study confirmed identical patterhs o
activation and differentiation of CD8+ T cells
following exposure to either normal or radiation
attenuated sporozoites (Hafallet al., 2007).
Importantly, the effector and recall responses of
memory CD8+ T cells were unaltered in the presence
or absence of an ongoing blood stage infection.

More recent studies have shown an intricate
association of a critical density dependent blotabes
parasitaemia in regulating the growth and develogme
of EEFs (Portugatt al., 2011). In this study, a model of
super infection was recapitulated in mouse byatiitg a
sporozoite induced blood stage infection withberghei
followed by subsequent infections with same speofes
parasite expressing luciferase and GFP deliveneadi¢j
mosquito bite. In mice with an ongoing blood stages
induced by primary infection, an arrest of EEF
development that precluded the initiation of either
luciferase or GFP blood stages was observed. The
phenomenon of EEF inhibition mediated by super
infection was tested in a series of knock out anchine
deficient mice models and the contribution of aithe
innate or adaptive immune responses were completely
ruled out. The inhibition was strictly dependentthé
blood stages and the effect was abrogated wherrimala
was cured under chloroquine administration. While

A role for host Heme Oxygenase-1 has been showranalyzing if nutritional aspects of the host hady an

to have anti-inflammatory functions and in promgtin
efficient liver stage infection and mice lackingeth

impact on this phenomenon, the authors discovered t
role of hepcidin, a host iron regulatory hormone in

expression of heme oxygenase-1 were able to resolvéeverely limiting the growth of liver stages duriag

infection (Epiphanioet al., 2008). Concomitant with
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ongoing blood stage infection. By stimulating the
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production of host hepcidin by blood stage parasiten VanBuskirk et al., 2009). This is in sharp contrast to
was redistributed away from hepatocytes, deprivirig asynchronous EEFs derived from RAS that exhibit a
developing EEFs and thus attenuating their groftbm  broader antigenic repertoire. Persistence of CSigean

an epidemiological perspective, the importancehi$ t  for several weeks following RAS immunization and it
phenomenon was explained in the context of pratgcti  apility to stimulate CSP-specific CD8+ T cell respes

the non-immune individuals from parasite densities haye been documented recently (Cockbetral., 2010).
below life threatening levels thus benefiting bdthst  \whether such paradigms are conserved also in GAP
survival_ and parasite_ transmission. In additioni,s th  mediated immunity is an interesting question tolyzea
mechan_|sm_ may facilitate the erythroc_yt|c stages 0pacause systematic comparison of correlates oégiioh
protect its niche from repeated new infections. induced by RAS and GAPs revealed several pardlels

1.9. Whole Attenuated Parasites as Pre their mechanism of protection mediated by CSP (Kueha
erythrocytic Vaccines and Mechanism of al., 2009). Thgse find.ings have important impIicatiqtmsf
mmunit pre-erythrocytic vaccine development because spaeoz

y X ) .
_ o ~and early liver stage antigens alone could be ceffi
Evidence for the feasibility of a pre-erythrocytic components for induction of sterile immunity.

vaccine came from the very early discovery that |n contrast to early arrested GAPS, attenuation of

experimental vaccination of mouse with Radiation EEFs has also been possible at late liver stagetie(®t

Attenuated Sporozoites (RAS) generated protectiveg, 2011: Haussiget al., 2011; Falaeet al., 2010).

immunity (Nussenzweiget al., 1967). The RAS  considering that late liver stages have a subsattigens

immunized mice developed complete resistance tolo  common to blood stages, these late liver stagestade
stage infection following challenge with viablegstious  gapg may have superior efficacy to develop protecti

sporozoites, a condition referred to as sterile imity. effector mechanism against blood stage infectioke L

Soon these studies were extended to humans, Wheag the general protective mechanisms in GAPs have
received several hundred bites of irradiakasmodium been, attrib%ted to F2:|38+ T cells and IFNJobeet al.

falciparum (P. falciparum) infected mosquitoes and 2007; Taruret al., 2007; Muelleret al., 2007)
showed complete protection (Clyd al., 1973). The Translating the success of obtaining GAPs from

bats_;)s g.f prt?]tetcn(f)fn \t/yasl att)tlrlbllitehd tot both .n?t;i'{a’% rodents parasites to humans has been a realityidené
antibodies that effectively block hepatocyte ini@cto by attenuation oP. falciparum liver stage development

sporozoites and also tafT cells that recognize and o by targeted disruption of p52 (Schaitkal.. 2008
eliminate infected hepatocyte (Nardihal., 1999; Tsuji 4 b);/ sigr]nultaneousl?y doubFIJe cgeletif)&?w o,f p52)/p36

and Zavala, 2003; Hafallet al., 2006). Though central (\/angskirket al., 2009). Morphological assessment of
role of CD8+ T cells as primary cytotoxic T celBRAS  gqr0z0ite development of p52-/p36- in primary homa
mdqced immunity is well I_<nown (Romemt al., 1989; hepatocytes  transplanted in  SCID  Alb-uPA
Weiss et al., 1990; Rodrigueset al., 1991), sterile jmmunodeficient mice revealed a severe growth defec
immunity could also be achieved in the complete 5ng |oss of persistence. These studies provideni
absence of Class | antigen presentation and wasnstto 5 feasibility for generation of a safe and effioasP.
be mediated by CD4+T cells, Interferon-Gamma (WjN-  t5iciparum GAP based vaccine in near future.
anql _ant|-sp0r020|te neutralizing antibodies [Abs] Protective T cell immunity was also shown to be
(Oliveira et al., 2008). Infact CD4+ T cell have shown jnquced in rodents models infected with lREsmodium
to be capable of cytolytic function (Tswt al., 1990)  sporozoites kept under chloroquine cover, the deegl for
and !mmun|zat|on of humans with RAS induces CSP Curing the blood Stages of the parasite_ |nte@$tin
specific CD4+ T cells that were capable of lysing jmmunity persisted only in the presence of therliseage
autologous B cells pulsed with CSP peptide (Frestaatt,  parasites and was abrogated when the mice weredrea
2009). More complex mechanism of RAS induced with primaquine suggesting that active antigeneureion
immunity is also associated with interleukin-12 XIL by live parasites was essential for the effectivecell
inducible Nitric Oxide synthase (iNOs) and Natural immunity (Belnoueet al., 2004). Similar protective efficacy
Killer (NK) cells (Hafallaet al., 2011). has been observed recently in studies where mieetéul
Advances in reverse genetics have allowed thewith sporozoites and kept on antibiotic exposure of
generation of a battery of Genetically AttenuatadaBites  azithromycin and clindamycin showed developmentalsa
(GAPs) that expose uniform antigenic repertoirehdst in liver stage and the mechanism of inhibiton was
immune system due of their defined, precise an{y ear attributed to their effect on the apicoplast fumes and
developmental arrest in liver (Muelleral., 2005a; 2005b;  biogenesis in EEFs (Friesetral., 2010).
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1.10. Transgenic Models to Study the Pre definitive role of endosomes in this process was

Erythrocytic Immune Correlates of CSP implicated using mouse model (3d mice) that are
defective in endosomal TLR function and cross

Development of transgenic animal and parasite presentation. DCs obtained from immunized 3d mouse
models central to the CSP have enabled the precisgailed to prime the H-Zk epitope specific T cells, a
understanding of several aspects of protective imenu function that was unaffected when the DC were cbate
responses elicited by attenuated sporozoites. Thes@ith exogenous peptide. In contrast, hepatocytesgmt
models have been used to assess the both correfates sporozoite antigens by directly secreting intodh@sol.
humoral and cell mediated immunity in addition to Though the exact mechanism of antigen delivery ih&o
unraveling the early events of T cell responses andhepatocyte cytoplasm remains unknown, a role for
antigen presentation mechanisms. Using a TCRPlasmodium export element that was earlier implicated
transgenic mice specific for the H®lestricted CD8+ T essential for the parasite proteins to cross PVivigtset
cell epitope ofP. yoelli CS, several events associated al., 2007) did not seem to be critical for this function
with early activation of naive-antigen specific CD8 Plasmodium sporozoite and liver stages express few
cells were deciphered (Saaial., 2001). Following 24 h  thousands of gene products (Tarenal., 2008) and
of exposure to sporozoite antigens, the naive amtig identification of immune targets that contributesterile
specific CD8+ T cells achieved effector functionsivo ~ immunity mediated by RAS poses a great challenge fo
as evinced by up regulation of IFN-and perforin ~ development of an effective pre-erythrocytic vaecin
mRNA expression, whilex vivo cytotoxic activity was  1he precise number of immune targets and their
detectable by 48 h post immunization. Importanty, relevz_;mce |n_|nduct|0n of protective immune resgsns
strong inhibition of parasite development mediatsd remain elusive. Addressing this issue, one study

these CSP-TCR CD8+ T cells was observed in mice thadémonstrated the predominance of the CSP based
were challenged with live sporozoites within 24 h Immune response contributing to the pre-erythrocyti

o At ; ; i ity following RAS immunization using a transge
following immunization with attenuated parasites. immuni . .
Utilizing the same transgenic system, another studymlce model expressirig yoelli CSP (Kumaet al., 2006).

o : : . “These transgenic mice were completely toleranbéiih
demonstrated that priming of naive antigen specific
cells occur in the lymph node that drain the sife o CD4+ and CD8+ T cell responses for CSP and by darth

: o crossing the mice in antibody deficient (JhT(-/-),
sporozoite  injections (_Chakravart)et : aI.,. 2007). lacking J; gene) background an immunological setting
Dendritic cells played an important role in thigess as

protective immunity was abrogated by eliminationt! o (CSP-Tg JhT) was obtained that facilitated evangati

I . the protective potency of non-CSP T-cell antigens
Iym_ph nodes. The acquisition of antigens by Dcemd following RAS immunization. A prime boost regimeoft
during the process of cellular migration by spoite=o

(Mota e al., 2001) can explain the effective priming of 10° irradiated Sporozoites (IrSp) followed by challeng

; . . with 2x10" live infectious sporozoites reversed the
these naive T cells. The antigen stimulated nainelB P

. : daarasite liver stage burden by 3 and half logs $Pdg
home to the liver and upon encountering processedjnt mice as compared to JhT mice alone. This sy

malaria epitope initiates an effector function that firg of jts kind to demonstrate that tolerancentte to
eliminates the infected hepatocytes in a cytolytaner. gjngje parasite antigen greatly abolishes the ggioerof

Understandlng the mechanism of antigen prese”t?‘t'orbrotective immune responses thus signifying the
occurring on DCs and hepatocytes following jmmunodominant role of CSP. However following
immunization with RAS has important |mpI|cat|olnsr fo multiple immunizations (more than two) of CSP-TJ Jh
development of pre-erythrocytic vaccines. By ge mice, complete sterile immunity was obtained. Thei®
aP. berghel CS mutant parasite carrying a model H-2k  of sych protection was principally mediated by CDB+
epitope, the cellular processing and presentatibn ocells as depletion of this subset of cells followey
antigens in DC and hepatocytes has been elucidated challenge with live sporozoites led to blood stajection.
detail (Cockburnet al., 2011). While presentation of These results were consistent with an independedy s
antigen on both DC and hepatocytes was TAPwhereP.berghei CS locus was swapped withfalciparum
(Transporter of Antigen Peptide) dependent, the CSP to generate BbPf transgenic parasite. Immunization
acquisition of sporozoite antigens in the cytoplasim  of mice with these transgenic parasites followed by
these cell types was reported to occur distinetljikely challenge with live P.berghel sporozoites resulted in
explanation for the sporozoite antigens to entergeneration of sterile immunity. These results ssggjeat
cytoplasm of DCs is when CSP antigen is crossimmunity generated in the absence of exposuREghel
presented via endosome to cytosol pathway followingCSP antigen was sufficient for obtaining sterilet@ction
phagocytosis and retro-translocation in the cytogol  (Gruneretal., 2007).
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The role of non-CS CD8+ antigens in sterile Antibodies against CSP block the entry of the
immunity was though unequivocally proven using the sporozoites into hepatocytes (Yoshiéh al., 1980;
CSP-Tg JhT model, this scenario may be relevantionl  Potocnjaket al., 1980). The inhibition is visibly apparent
the complete absence of the immunodominant responsewhen they cross link to CSP present on the suidatiee
against CSP, an instance that is hard to expectérund Sporozoite and generates a characteristic pretipiti
natural settings. Immunization of animals and husnan reaction that appears like a thread extending ftben
with RAS induces high levels of antibodies and efie ~ posterior end of the sporozoite (Vanderbetrgl., 1969).

T cells against CSP. Memory B cells specific far ~ Though CSP reactions and antibody titers measuyed b
falciparum CSP has been detected in individual living in ELISA forms the basis for evaluating the anti-CSP
endemic areas (Wipasa&t al., 2010). Further, in humoral responses, a quantitative measurement of
individual who are naturally infected wih falciparum, ~ SPorozoite inhibition is highly essential to asséiss
presence of IFN-secreting CD4+ T cells that recognize neutralization potential of the several CSP based
a universal epitope in CSP have been associated witVvaccines (Stoutet al., 1997; Nardinet al., 2000) that
resistance to reinfection (Reeeal., 2004). Given that &M towards inducing strong anti-CSP antibodiese Th
P. falciparum CS based immune responses preponderatd€@sibility of such measurement was evident by

following immunization with RAS (Doolagt al., 2008); ~ obtaining transgenic parasite line where the repeat
it will be difficult to predict the how immunogeriig for e P-berghei CSP were replaced by the repeats ofthe

: : ; falciparum (Perssonet al., 2002). These parasites
non-CS antigens would build following repeated . ; > ;=
immunization.g Importantly when an ongoigng irﬁmune defined as biologically rodent and antigenicallyrtan,
response against an immunodominant antigen has beegl?]ﬁ:;joﬁgg'Ige?zsrg?;jtr}re] %i%rsgg'?g”%a'l:% O('.E(I;Siigd
initiated, the kinetics of CD8+ T cell epitope cogtifion ; : . e o
between CS and non-CS antigens mgy bF()e hard ?ocpredi (Pf multiple antigen peptide containing the T1 epé in

: ) combination with the (NANR) B cell epitope)
in the absence of any measurable correlates oégiion - iavion (Nardiret al., 2000). A direct comparison of
for non-CS liver stage antigens. One major limitatin

studying contribution of immunity against non-CS the antibody fiters generated in response to (TREAP

; . . - vaccination in a limited number of humans have atge
antigens is thaPlasmodium sporozoites, where CS has

b i d be obtained hel he no correlation with their ability to neutralize thporozoites,
een silenced cannot be obtained. Nonethelessgisear i, g rejterating the fact that antibody titers elamay not be

for other liver stage antigens based on in silico 5 yye corelate to assess the protective efficicgSP

predictions have been undertaken Ih falciparum  pa564 subunit vaccines (Kuretl., 2004). In this regard,
(Doolanet al., 1997; 2003). In a recent study, B4oelli  ihe pppf transgenic parasites serve as invaluable in

sort antigens into the secretory pathway in the

sporozoites stages. Synthetic peptides correspgrdin 2 CONCLUSION
these epitopes were obtained to screen for thespces '
of peptide-specific CD8 T cells secreting IFN- in At the start of the new millennium, malaria stil

splenocytes from CSP-Tg/JhT(-/-) BALB/c mice hyper poses the greatest threat of all parasites to hureatth
immunized with RAS (Mishraet al., 2011). These and the scenario represents no change from mang yea
studies revealed that the numbers of IFBecreting  ago. The recent rapid and spectacular developnients
splenocytes specific for the non-CSP antigen-ddrive molecular biology and allied biological sciencessea
peptides were 20-100 times lower than those speftifi  hopes that new antimalarial vaccines will be depetb

the CSP-specific peptide. When mice were immunizedMany bemused gaps in our understanding of livegesta
with recombinant adenoviruses expressing selead@d n  biology remain to be addressed. The clandestineraat
CSP antigens, the animals were not protected dgainsof the pre-erythrocytic life cycle has not made stady
challenge with P. yoelii sporozoites although large any easier. Radically different tools will be regd to
numbers of CD8specific T cells were generated. These address fundamental questions and to devise an
studies may reiterate the fact that endogenousQ®-  effective intervention strategy against liver stge
cell epitopes derived from sporozoite may have muchPlasmodium is a master of disguise and researchers
superior efficacy for antigen processing and priegEm have to try a diverse range of tactics to target th
that may not be recapitulated in subunit delivery parasites in both human and mosquito host. Vadoine
platforms. The possible presence of moieties likel G malaria has been a research goal for more thanfa ha
and membrane lipids in sporozoites that provide andecade now. Indeed, understanding human immunity to
adjuvant like effect in boosting the immune resgsns malaria and identifying novel pre-erythrocytic @etns
following multiple immunizations cannot be ruledtou are two top research priorities.
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