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Abstract

Pre-erythrocytic malaria vaccines target Plasmodium during its sporozoite and liver stages, and
can prevent progression to blood-stage disease, which causes a million deaths each year. Whole
organism sporozoite vaccines induce sterile immunity in animals and humans and guide subunit
vaccine development. A recombinant protein-in-adjuvant pre-erythrocytic vaccine called RTS,S
reduces clinical malaria without preventing infection in field studies and additional antigens may
be required to achieve sterile immunity. Although few vaccine antigens have progressed to human
testing, new insights into parasite biology, expression profiles and immunobiology have offered
new targets for intervention. Future advances require human trials of additional antigens, as well
as platforms to induce the durable antibody and cellular responses including CD8* T cells that
contribute to sterile protection.
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The pre-erythrocytic (PE)-stage Plasmodium parasite is a metabolically highly active but
symptomatically silent preparatory phase of the life cycle. Intervening to kill the parasite at
this stage would prevent the symptomatic blood stage of infection, and is an attractive
vaccine target for several reasons: the number of infected hepatocytes is extremely low, in
the range of dozens to hundreds [1]; human parasites like Plasmodium falciparum and
Plasmodium vivax take nearly a week to complete development in hepatocytes [2],
providing sufficient time for elimination; unlike plasmodium-infected red blood cells
(RBCs), the infected hepatocyte is capable of presenting parasite antigens to immune
effector cells. Despite the attractive features of PE parasites as vaccine targets, infections
with sporozoites do not usually confer highly effective PE immunity in naturally infected
humans or experimentally infected rodents [3,4].

Instead, attenuated PE parasites that arrest inside hepatocytes are required to induce highly
effective so-called “sterile' immunity that prevents infection after sporozoite challenge, and a
subunit vaccine based on the major surface protein of sporozoites reduces clinical malaria
episodes but does not block infection in African children. To develop a PE vaccine that
induces sterile protection of long duration, a thorough understanding of parasite
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development and host—parasite interactions is essential, in addition to careful vaccine
designs that elicit effective immune mediators. This review considers the biology of the PE
parasite and immunobiology of protective immunity, and then draws on past experience with
malaria vaccines to discuss approaches to identifying and developing effective vaccine
candidates that block infection.

Biology of PE stages of Plasmodium

Skin phase

The PE phase of Plasmodium development (Figure 1) starts when a few dozen to few
hundred sporozoites are deposited in the skin by a female Anogpheles mosquito during a
blood meal [5]. From the site of deposition, many motile sporozoites enter blood vessels and
migrate to the liver, while some remain local or pass to lymph nodes and influence the host
immune response. In the liver, sporozoites cross the fenestrated layer of endothelial and
Kupffer cells to enter the space of Disse, and then may traverse several hepatocytes before
invading one to form a parasitophorous vacuole (PV). At this point, the sporozoite
undergoes dramatic transformations — first rounding in shape, expanding in size and then
undergoing successive divisions to yield tens of thousands of merozoites within 67 days
(for human Plasmodium) or 48-50 h (for rodent Plasmodium). These merozoites emerge
from hepatocytes in small pockets called merosomes and enter the blood stream, marking
the end of the PE phase [6].

The Plasmodium genome sequences, new transfection methods, and advances in microscopy
are illuminating many of the secrets of this previously inaccessible stage. New insights have
challenged widely accepted aspects of the Plasmodium life cycle, for example, Plasmodium
parasites can develop and produce infective merozoites in skin cells [7]. Most of the
information regarding liver-stage (LS) or PE-phase development has come from rodent
parasite models as well as in vitro culture systems.

The skin phase was previously thought to last only a few minutes, but intravital imaging
reveals that sporozoites may remain in the injection site for 2—-3 h [8-10]. Most sporozoites
migrate to the liver, via blood vessel, but some move to draining lymph nodes and some
develop in the skin, possibly in hair follicles that might give rise to infective merozoites
[7,8]. While complete development of rodent Plasmodium has been demonstrated in skin
cell lines, no /n vivo data support this hypothesis yet, and nothing is known about how
Plasmodium recognizes and selectively invades hair follicles. In the rodent model,
approximately 20% of injected sporozoites go to the draining lymph nodes in the skin,
where they can elicit an immune response and contribute to protection against LS parasites
[8,11].

Several sporozoite proteins have been implicated in crossing the dermal cell barrier, and
subsequent migration to liver sinusoid (Figure 1 & Table 1) [12], and these might be
exploited for vaccine development. Recently, immunization with CelTOS, a micronemal
protein and essential component of cell traversal machinery, induced humoral and cell-
mediated immune responses against Plasmodium yoelii with cross-species activity against
Plasmodium berghei, resulting in sterile protection of some inbred and out-bred mice against
both species [13]. Other components of the cell traversal machinery, such as sporozoite
protein essential for cell traversal (SPECT and SPECT2) and phospho-lipase, should be
evaluated for their efficacy as vaccine candidates. Deletion or disruption of the genes
encoding these proteins yields substantial but not complete reduction of liver infection
(Table 1) [14-16] suggesting functional redundancy.
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Crossing of endothelial barriers

To migrate from skin to hepatocyte, the Plasmodium sporozoite crosses endothelial cells
twice; once to penetrate the blood vessel and once to pass from liver sinusoid to the space of
Disse. Little is known about how a sporozoite recognizes endothelial cells. The sporozoite is
thought to use its cell traversal machinery to pass through the endothelial cell lining of the
blood capillaries in the dermis, but studies to examine the molecular mechanisms in skin are
hindered by small parasite numbers and the brevity of the event.

The passage of the sporozoite from liver sinusoid to liver parenchyma is comparatively
better studied, although also much debated. The sporozoite uses its most abundant surface
protein (CSP) as well as TRAP to recognize Kupffer cells and passes through the cell within
a PV [17,18]. This mode of cell traversal is quite different than the one adopted by
sporozoites during their active cell traversal in the skin, but is supported by multiple lines of
evidence from mutant parasites, /n7 vitroand in vivo rodent models [19-21]. SPECT mutants
and selective removal of Kupffer cells suggest that Kupffer cells are not required to cross the
liver endothelial barrier [19]. Identification of novel sporozoite proteins in addition to CSP,
SPECT(s) and TRAP that are involved in selective crossing of endothelial cell barrier in
liver sinusoid could yield new vaccine targets.

Invasion of liver cell

Once the sporozoite exits liver sinusoid and reaches the liver parenchyma, it migrates
through several hepatocytes before settling in one for its next developmental stage. Traversal
through multiple hepatocytes has been observed in vitroand in vivo [22-24]. Although
migration through several hepatocytes has been thought to activate sporozoites for
hepatocyte invasion, infection with SPECT mutants demonstrates that cell traversal is not
required before invasion [19]. Unlike migration through other cells in skin and liver
parenchyma, the final hepatocyte invasion is accompanied by formation of a PV [25].
Transcriptomic studies indicate host liver cell responses following infection by rodent
parasites or P. falciparum [26,27], although transcriptional changes may have occurred in
cells following either migration or invasion. This might be resolved in future by assessing
transcriptional changes in host cells following infection by cell traversal (SPECT or
SPECT-2) mutants.

Hepatocyte invasion is complex and partially understood. A cell-adhesive domain in the
CSP C-terminus binds to heparan sulfate proteoglycans on the hepatocyte membrane [28].
Merozoite invasion of RBCs is based on an AMA1-RON complex forming a tight junction
[29,30], but sporozoite invasion of hepatocytes is not affected by AMA1 depletion. In
contrast, knockdown of RON4 drastically reduces invasion, suggesting the important role of
a rhoptry resident protein [31]. Apart from RON4, other proteins like TRAP, TREP, TLP
and SPATR have roles in sporozoite motility and attachment to the hepatocyte [14,32,33].
However, no direct evidence of their involvement in host cell invasion has been documented
(for a complete list, see Table 1) [34,35]. Gene deletions or mutation of essential residues of
TRAP or TRAP-family proteins do not completely inhibit LS infection [35]. This raises
several questions: can sporozoites complement the loss of function of one TRAP with
another variant? Is there selective expression of different members of TRAP family proteins
by different sporozoites? These scenarios suggest redundancy in this process, which
complicates vaccine development.

Development & maturation of LS

Once inside hepatocytes, the sporozoite undergoes dramatic transformation inside the PV
and develops as an exo-erythrocytic form or LS parasite. The parasite resides adjacent to the
nucleus and may alter expression of host proteins by translocating CSP across the nuclear
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membrane and modulating gene transcription [36]. Nearly all LS data, including
transcriptomic data, have been obtained from rodent malaria parasites, primarily £. berghei
and P. yoelii. For P. falciparum, limited expression data are available, and then only for very
early LS. Nevertheless, available transcriptomic and proteomic data identify a number of
proteins important for LS development [37-42].

During LS development, Plasmodium is metabolically highly active and grows to a size that
exceeds that of its host cell. The parasite synthesizes large amounts of lipids and nucleic
acids needed for developing merozoites, although the means by which it meets its nutritional
requirements are unclear. Targeted gene disruption and knockout studies identified several
proteins involved in LS development (Table 1). Among these, LSA-1 is currently under
investigation as a potential vaccine candidate [43,44]. Other proteins have been targeted to
create attenuated exo-erythrocytic form parasites. Immunization of these genetically
attenuated parasites can induce sterile or partial protection against Plasmodium infection in
rodent models [45-47].

Once inside the hepatocyte, immune recognition of the parasite relies on antigen
presentation by MHC molecules. Identification of new LS antigens recognized by CD8* T
cells from malaria-exposed individuals will constitute a repository of potential vaccine
candidates. LS proteins identified thus far are either expressed inside PV or on the
parasitophorus vacuole membrane, making them inaccessible to antibodies (Table 1).
Identification of novel LS antigens expressed on the hepatocyte surface might be targeted by
humoral immune response, yet no evidence of such proteins exists. During egress from
hepatocytes to initiate BS infection, plasmodia form small merozoite-filled pockets called
merosomes that are enclosed in the host hepatocyte membrane. Host cell-surface proteins
including MHC class | are lost from the mero-some membrane, which may allow
Plasmodium to evade detection by phagocytic cells [6,48].

Immunology of PE malaria

Mechanisms of immunity induced by whole sporozoite immunizations

The scientific rationale for a PE vaccine stems from the observation that sterile protection
develops in mice, nonhuman primates and humans following immunization with radiation-
attenuated sporozoites (RAS) [49-51]. These seminal studies provided impetus to develop
the first PE vaccine based on CSP and the £. yoeliiand P. berghei rodent models have been
exploited to understand the immunobiology of RAS. While the immunological mechanisms
of protection obtained from whole sporozoite immunization in humans are probably
multifaceted, the plethora of information gleaned from animal models has been informative
(Table 2). Immune responses against whole sporozoites may be mediated by antibodies that
prevent sporozoite migration or invasion, or by T cells that recognize PE antigens on
infected hepatocytes and eliminate them. RAS induce protection mediated by CD8* T cells
in mice from a variety of genetic backgrounds, as CD8 depletion following RAS
immunization or immunization of B2 microglobulin™~ mice abrogates immunity [51-53].
Likewise, CD8* T-cell depletion abrogates protection in rhesus monkeys [54].

Whether the effector mechanism is mediated by IFN-y produced by CD8* cells or by
cytolytic perforin and granzyme through direct contact in the absence of IFN-y is debatable,
as there are publications supporting either mechanism. CD8" cells specific for CS obtained
from P. yoeliiand P. berghef RAS-immunized mice have cytolytic activity /n vitro [55-57].
Exogenous IFN-y added to infected hepatocytes inhibits P. berghei development /n vitro
[58]. Several studies demonstrated that nitric oxide pathway is induced following RAS
immunization or sporozoite infection and inhibits parasite development [59-61]. The
requirement for IFN-y varies according to genetic background of protected rodents [62], and
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killing of infected hepatocytes can occur by a contact-dependent mechanism involving
perforin from CD8* cells [63]. Notably, P. yoeliiand P. berghei RAS-induced sterile
immunity can occur in CD8* deficient mice, where antibodies and IFN-y derived from
CD4* T cells mediate protection [64].

Antibodies from RAS-immunized rodents and humans recognize sporozoite surface antigens
and inhibit sporozoite infectivity both in vitro [65-67] and in vivo [68], inspiring the first
CSP-based vaccine [69-71]. Mechanistically, antibodies can immobilize sporozoites in skin
and prevent migration to the liver [72].

What is/are the immunodominant response/s to RAS? Following the observation that
sporozoite antibodies were protective, CSP became the major PE vaccine target and remains
the lead candidate today. An abundance of evidence supports CSP-based vaccines.
Protection is diminished but not ablated in transgenic mice made tolerant of CSP, arguing
for immunodominance [73]. However, immune responses to CSP do not appear to be
required for protection, as immune responses against RAS lacking homologous CS protein
are still protective [2,74,75]. Using a surrogate marker to identify RAS-activated parasite-
specific CD8™ T cells, CSP-specific cells constitute a minority of parasite-specific CD8* T
cells in immunized mice, suggesting that many potentially protective PE antigens have yet
to be discovered [76].

While humans immunized with RAS are less amenable to experimental manipulation,
indirect evidence suggests that the immune mechanisms responsible for human protection
are fairly concordant with those in the mouse. T cells from volunteers protected after RAS
immunization respond to LS antigens by proliferating [77] and display cytolytic activity to
target cells displaying CSP epitopes [78-81]. CD8* T cells with cytolytic activity in
response to SSP/TRAP have also been identified from RAS-immunized volunteers [82]. As
in rodents, CD4* T cells from humans immunized with RAS recognize CSP [83] and
multiple HLA types respond to degenerate T-cell epitopes on CSP [84]. Multiple immune
mechanisms have been identified as contributing to protection in reductionist experiments,
and probably function in a coordinated fashion to confer maximal protection in RAS-
immunized humans.

Identifying novel PE vaccine antigens

Current subunit PE vaccines in clinical development

Considering the efficacy of RAS, surprisingly few antigens among the approximately 5300
expressed genes have been assessed as vaccine candidates. Vaccines based on the sporozoite
and LS antigens CSP, LSA-1, Exp-1 and SSP2/TRAP are the only PE candidates in current
clinical development [201]. The most advanced malaria vaccine in development is
GlaxoSmithKline's RTS,S vaccine, now in a multicenter Phase 111 clinical trial in sub-
Saharan Africa. Based on CSP, the RTS,S vaccine is composed of 19 NANP central repeats
plus the C-terminal region containing T-helper epitopes fused to the hepatitis B surface
antigen. The RTS component is co-expressed with free surface antigen to form the RTS,S
virus-like particle, with approximately 5% of capsomeres containing the CSP fusion protein.
RTS,S is formulated with a complex adjuvant system composed of immunostimulants 3-
deacylated monophosphoryl lipid A (MPL) [85] and QS21, a purified triterpene glycoside
extracted from the bark of the Quillaja saponaria tree [86], prepared in oil-in-water emulsion
(AS02) or with liposomes (AS01). As no analog of RTS,S exists for challenge in
experimental animal malaria, the potential efficacy of GSK's vaccine cannot be assessed
other than from clinical trials.
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Prior to RTS,S, a number of CSP-based vaccines were found to be poorly immunogenic and
minimally protective in humans. Early RTS,S trials in US malaria-naive volunteers at the
Walter Reed Army Institute of Research (WRAIR; MD, USA) assessed efficacy after
infective mosquito bites [87]. Preliminary evaluation of RTS,S in alum alone did not achieve
sterile immunity in any of six volunteers, while formulation with MPL protected two out of
eight volunteers [88]. To enhance the immunogenicity from that seen using alum, a new oil-
in-water formulation containing MPL and QS21 was developed. Six out of seven (85%)
volunteers who were challenged after receiving the new adjuvant were protected, compared
with two out of seven who received oil-in-water alone or one out of eight who received the
alum formulation [89]. Thus, a combination of complexed antigen with a novel adjuvant
system appeared necessary for protection. Subsequent Phase | and 11 trials testing various
dose sizes, immunization schedules and liquid versus lyophilized vaccine all resulted in a
proportion of vaccinees protected, although none achieved the 85% that was attained
initially [90-92]. Finally, the oil-in-water AS02A was tested against the new liposome based
ASO01B, with protection being 32 and 50%, respectively, setting the stage for advancement
to field trials [93].

Efficacy of RTS,S in field trials is more difficult to assess, as exposure occurs naturally to
different strains of parasites at different times and therefore it is not possible to definitively
determine time from exposure to patency. For these reasons, efficacy is determined by time-
to-event analyses, which compare pre-defined malaria events within a time period using Cox
regression models. The first trial observed 34% efficacy in Gambian adults during a 15-
week follow up period, although protection waned after 9 weeks [94]. The first efficacy trial
in children found reduced incidence of malaria in Mozambique within the observed time
period, but did not confer sterile protection [95]. The interim efficacy data available from
the ongoing Phase 111 trial indicate a 50% reduction in clinical malaria episodes during a 13-
month period following the first vaccination [96].

A knowledge gap that remains to be filled regarding RTS,S is the identification of immune
correlate(s) of protection in the target population. A number of reports on the
immunogenicity in African children support a largely antibody-mediated mechanism. Fin
Phase Il studies in Kenya and Tanzania, anti-CS antibodies predicted vaccine efficacy in a
non-linear fashion [97]. In a Phase Il study in Gabonese children, the clearest immune
indicator was anti-CS 1gG and associated antigen-specific B cells that persisted up to 12
months after the last dose [98,99]. As CD4™* cells against CS are known to protect in animal
models and in humans immunized with RAS, a cellular correlation with efficacy has long
been sought. To date, the most recent data from a Phase I1b study in Kenya involving 407
children demonstrated the clearest T-cell correlate for vaccine efficacy was TNF-a from
CD4* T cells. However, these results need confirmation from other datasets [100]. As Phase
Il of RTS,S progresses and immunological results are reported, the discovery of a defined
correlate for efficacy hopefully may be at hand.

In RAS-immunized animals, CSP in infected hepatocytes appears to be a target for CD8* T
cells, but RTS,S is very poor at inducing CD8" T-cell responses. To enhance CD8" T-cell
responses, a viral-vectored platform combined with RTS,S in a prime-boost regimen
(Ad35.CS + RTS,S) is undergoing clinical testing. Cellular immunity provided by the virus
theoretically might complement the high IgG induced by RTS,S and provide higher efficacy
than either component alone. Adenovirus is highly immunogenic and has broad tissue
tropism, and because viral proteins are translated in the cytoplasm, the proteins are
processed and presented by MHC Class | machinery [101].

The ME-TRAP vaccine is another PE subunit vaccine with a multi-epitope construct that has
the advantage of targeting multiple antigens instead of one. The multiple epitope contains
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CD4" and CD8" epitopes from six antigens (LSA1, CSP, STARP, LSA3, Expl and TRAP)
fused to the TRAP antigen [102]. Earlier clinical studies found a DNA/MVA prime-boost
regimen of ME-TRAP to be highly immunogenic in malaria-naive volunteers, with T-cell
responses persisting for several months and a significant delay in parasitemia following
challenge. A DNA/DNA/modified vaccinia virus Ankara (MVA) approach induced sterile
protection in one out of eight volunteers [103]. A fowlpox prime-MVA boost regimen
conferred sterile protection in two out of 16 volunteers [104]. However, field trials of the
vaccine were less immunogenic and conferred no protection [105,106]. To increase
immunogenicity, the vaccine is currently being tested in a heterologous viral vector
approach composed of AdCh63 prime and MVA boost. Of note, the EP1300 polyepitope
DNA vaccine, which contains epitopes from CSP, TRAP, LSA-1 and Exp-1, is delivered by
electroporation and currently in Phase I trials (EP1300). No results have been published yet.

Whole organism approaches to a PE vaccine

Whole sporozoite immunization has undergone a reappraisal that began with plans to
manufacture whole sporozoites (PfSPZ) under cGMPs. A Phase I clinical trial of radiation-
attenuated PfSPZ vaccine injected subcutaneously or intradermally demonstrated safety but
poor efficacy. An ongoing trial will determine whether PfSPZ vaccine given intravenously
can induce protection. A modern approach to attenuated sporozoite vaccination uses reverse
genetics to design GAP. Unlike RAS, in which genetic alterations are random, GAP are
genetically identical and arrest at a defined point during LS development. Efficacy of GAP
has been demonstrated in rodent models [45-47,107,108]. The mechanism of protection is
concordant with that of RAS, relying on CD8-mediated killing of infected hepatocytes
[109]. The current challenge for GAP vaccination is assessment of adequate attenuation of
parasites [110]. Nevertheless, like RAS, the GAP approach still faces major manufacturing
hurdles.

The strategy of whole sporozoite vaccination was recently expanded to include inoculation
with nonattenuated sporozoites under chloroquine prophylaxis, which allows parasites to
progress through LS development and establish an initial and brief infection of erythrocytes
before being killed. This approach induced a long duration of sterile immunity that
surpassed that from RAS immunization: sterile protection after 28 months in four out of six
volunteers [111]. A notable difference between this approach and RAS immunization is the
small number of mosquito bites required for protection. One possible explanation is the
effective antigen load. A thousand mosquito bites that deliver an average of 450 attenuated
sporozoites [112] yield 450,000 LS parasites that arrest. Forty mosquitoes bites with
nonattenuated sporozoites produce 18,000 LS parasites initially that propagate
approximately 20,000-fold over the next week to achieve 360 million liver merozoites.
Aside from biomass, an increased repertoire of antigens expressed during late LS and BS
development may result in a broader, more protective CD8" T-cell response [113], as
opposed to RAS that arrest as early LS. Finally, actively dividing parasites might provide a
danger signal, a mechanism of immune detection proposed to identify replicating pathogens
[114]. The reduced number of sporozoites required for protection in this model imparts a
significant manufacturing advantage if this approach advances to commercial development.

The mechanisms of protection induced by nonattenuated parasites under chloroquine cover
may differ from those induced by RAS. IFN-y and IL-2 responses were detected against
whole sporozoites and infected erythrocytes from CD4* T cells and yd T cells. Of note,
CD8™* T-cell responses were barely detectable, in stark contrast to published literature on
RAS and GAP [115]. However, the lack of CD8* responses might reflect in vitrore-
stimulation conditions, as it is not known if whole parasite antigen can be efficiently
phagocytosed and cross-presented to the MHC Class | pathway in culture. Further
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investigations of the immune mechanisms of protection using this immunization approach
are needed.

Immunological gaps in our knowledge: immune correlates of protection

The dearth of immune correlates of protection has been a longstanding obstacle to vaccine
development and testing. The most common measure of PE vaccines has been IFN-y
production from T cells, by ELISpot or intracellular cytokine staining. While IFN-y
production may be a useful indicator of “vaccine take', it may not measure the effector
mechanism(s) required for parasite elimination. In mice, CD8-mediated protection can occur
in the absence of IFN-y [116,117]. Direct killing of infected hepatocytes can be contact-
dependent and only partly dependent on IFN-y and perforin [63]. Alternatively, IFN-y from
CD8" or CD4* T cells may indirectly kill infected cells through soluble mediators [118]
such as activating reactive oxygen intermediates. Resolving these mechanistic issues and
implementing the appropriate immunological measurements of protection will better guide
vaccine design.

While CSP has received the greatest attention as a vaccine candidate owing to its abundance
on the sporozoite surface, it is not essential for sterile protection, as demonstrated in CSP-
tolerized mice [73]. The targets of effective anti-sporozoite immunity should be exposed to
circulating antibody, and ideally will elicit long-lived plasma cells that produce high-affinity
antibody. Additional PE antigens targeted by antibody could be combined with RTS,S most
easily. Such a combination vaccine may nevertheless still require potent platforms to induce
adequate and long lasting antibody, such as through co-immunization with
immunostimulatory molecules [119] or in formats such as virus-like particle [120].

The universe of candidate PE antigens

The universe of potential pre-erythrocytic vaccine candidates is present in the transcriptomes
and proteomes of PE parasites (Table 3). In an early study, cDNA from nine different P.
falciparum life-cycle stages (seven asexual erythrocytic stages, gametocytes and salivary
gland sporozoites) were hybridized to a high-density oligonucleotide array. Evidence of
transcription was found for 4557 out of 5159 predicted genes in the genome. The sporozoite
transcriptome included approximately 2000 genes, 41 of which were exclusive to this stage.
Sporozoite-stage genes included those with known or putative roles in cell transport, cell
rescue, defense and virulence, signal transduction, DNA processing, protein synthesis and
metabolism, as well as cell-surface/apical organelle proteins. The proteome of salivary gland
sporozoites was defined on lysates using liquid chromatography mass spectrometry
multidimensional protein identification technology [121], with 1049 proteins confidently
assigned to parasite origin, of which up to half are unique. Further analyses identified
several potential vaccine targets, such as cell surface and organelle proteins, proteins
involved in matility (such as actin and myosin) and proteins belonging to the apical complex
machinery involved in invasion.

A more recent transcriptome study [37] compared P. yoelii oocyst sporozoites (which are
not yet infectious to mammals) with salivary gland sporozoites (which are infectious) by
cDNA hybridization to 65-mer oligonucleotides. A total of 124 genes were upregulated in
the infectious SPZ, and 47 genes in the oocyst SPZ; transcription of 11 gene orthologues
was assessed in P. falciparum with good agreement to 2. yoelii. A cDNA subtraction (i.e.,
host RNA depleted) hybridization analysis against a microarray containing 150,000 25-mer
P. yoelii probes [40] yielded similar results (87% correlation). Tandem mass spectrometry
(MS/MS) analysis of hand-dissected P. falciparum oocysts, oocyst-derived sporozoites and
salivary gland sporozoites identified 728 proteins, out of which 250 were not detected in
blood-stage proteome studies [122].
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Intrahepatocytic parasites have proven to be least tractable, for reasons of low number and
poor enrichment or purification, but recent advances moved this area forward. P. berghei
and P. yoelii sporozoites can grow axenically and undergo morphological changes similar to
those of intrahepatocytic parasites. Axenically grown LS parasites yielded 652 unique
expressed sequence tags (ESTSs), of which 87% matched a known P. yoelii gene sequence.
Over-represented proteins included heat shock and chaperone proteins, possibly related to
the temperature change from mosquito to mammalian host, as well as proteins involved in
cell-cycle progression, metabolism and transport. Comparisons with sporozoite and blood-
stage libraries revealed a shift from “sporozoite-like' to “blood stage-like' and 21% of ESTs
were specific to transformed sporozoites.

Using a similar approach [123], cDNA from P. falciparum sporozoites co-cultured with
human primary hepatocytes for 1 h was hybridized to 70-mer microarrays. Seventy nine
genes were downregulated and 300 upregulated in comparison with salivary gland
sporozoites. A total of 300 genes encode predicted proteins, including those involved in
parasite invasion, metal ion homeostasis and stress responses. Genes with temporal
upregulation were hypothesized to be involved in sporozoite migration and invasion,
whereas those with continuous upregulation were purported to be involved in parasite
development in the hepatocyte. Studies of proteins encoded by two genes with temporal
upregulation (PFD0425 [SIAP1] and Pf08_0005 [SIAP2]) immunolocalized them to the
sporozoite surface, and suggested roles in both traversal and hepatocyte invasion. These
proteins were not detected in the hepatocyte after invasion nor in BS parasites, whereas two
proteins with continuous upregulation (PFLO065w [LSAP1] and PFB0O105[LSAP2]) were
both expressed in LS parasites according to immunofluorescence assay.

Laser captured microdissection (LCM) allows recovery of infected hepatocytes from mouse
livers virtually free of contaminating host tissue. A cDNA library of LCM-captured
schizonts yielded 623 nonredundant genes, including 25% specific to LS [41]. Later, GFP-
expressing P. yoeliiwas purified from liver at 24 (early schizonts, LS24), 40 (late schizonts,
LS40) and 50-h (merozoite formation, LS50) post-infection. Transcriptional analysis
revealed over 1000 genes upregulated in LS parasites. Isolation of 40,000 LS40 and LS50
parasites allowed mass spectral analyses that identified 800 proteins, including 174 that were
more abundant or unique to LS. Proteins involved in processes like translation (including
ribosome structure and protein synthesis), heat shock proteins, redox metabolism,
mitochondrial TCA cycle and electron transport and fatty acid synthesis were over-
represented. LS parasites are highly metabolically active, which is not surprising considering
the multiple cell divisions during this developmental stage [38].

Downselecting PE antigens as vaccine candidates

The existing functional genomics datasets have vastly expanded the number of PE proteins
to consider as potential vaccine antigens. One approach to down-select candidates has been
to screen the available datasets and define new CD4 and CD8 epitopes, although no means
exists at present to associate these with protection in humans. Given the small number of PE
antigens shown to confer protection in rodents and especially in humans (CSP [89] and ME-
TRAP [103,104]) it is presently not possible to know which protein characteristics, such as
physical properties or cellular localization, will predict effective human vaccine antigens.
For example, proteins that are secreted or localized to PV membrane might be more
accessible to the host hepatocyte, and thus more likely to be processed and presented to
immune cells, but it has not been shown that such proteins are in fact superior vaccine
targets.

Immunomics focuses on elucidating the set of antigens that interact with the host immune
system and the mechanisms involved in these interactions [124]. Sera collected from

Expert Rev Vaccines. Author manuscript; available in PMC 2013 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Duffy et al.

Page 10

humans after RAS immunization have been examined for reactivity to a microarray of 1200
P. falciparum proteins (~23% of the proteome), and the reactivity profiles examined for
relationships to protective immunity. A total of 20 fragments representing 19 antigens were
found to be strongly associated with RAS-induced protective immunity. Among these
proteins, three were previously assessed as vaccine candidates (CSP, SSP2/TRAP and
AMA-1) The average molecular weight of the antigens correlating with protection were 2.5-
fold larger than the average of the ORFs in the genome (larger proteins potentially have
more B-cell epitopes for antigen recognition). Export element motifs were more common in
antigens associated with immunity (45 vs 27% in the total proteome). A total of 40% were
hypothetical proteins, and proteins involved in or regulating DNA processing and cell cycle
(20%) and protein synthesis (20%) were over-represented [125].

Cellular responses to panels of proteins have also been examined to down-select vaccine
antigens, although thus far without success. A survey of 34 PE proteins with signal
sequences and/or export element sequences that predict export, as well as high levels of
transcription, yielded only six that were targeted by CD8" T cells after RAS immunization.
When these six were incorporated into adenovirus vectors, only three antigens (P36p[py52]
[Py01340], Ag2 [PyCelTOS] and Ag5 [Py00419)) elicited CD8* T-cell responses at a level
similar to CSP (also incorporated into adenovirus) and even these three antigens failed to
confer any protective benefits to mice [126].

An empiric approach has been used, by examining panels of immunogens for evidence of
protection in the P. yoeliirodent model. In one study [127], 19 genes derived from a
sporozoite cDNA library were prepared as DNA vaccines, and examined for protective
efficacy in pools of 6-7 plasmids, with PyCSP as a benchmark of partial protection. Two
pools of immunogens gave evidence of protection, but only a single antigen (Py01316) was
found to be protective individually and only when delivered into the skin by gold-particle
bombardment (gene gun). The authors concluded that pooling of immunogens may yield
false positive results, although this may be difficult to discriminate from additive or
synergistic effects of immunogen combinations. For example, in a different study, the
combination of three P. yoelii antigens (Py03011/PyUIS3, Py03424 and Py03661) conferred
sterile protection to a large fraction of rodents, whereas each individual antigen protected
few animals [128].

Without a clear understanding of the PE immune responses that can mediate protection in
humans, a strategy that prioritizes candidate antigens by their characteristics and in
preclinical studies has been proposed [129]. This approach does not assume that features
such as export signals, level of transcription or predicted epitopes would necessarily
characterize the optimal candidates. Instead, antigens that are confirmed to be LS proteins
are examined in animal and human models of immunity for the evidence that they contribute
to protection. Criteria to predict vaccine potential may include protection of rodents or
nonhuman primates after subunit immunization, and evidence of antigenicity in animals or
humans protected by experimental or naturally acquired infection. Naturally acquired
infections in humans have generally been considered to induce only suboptimal immunity to
PE parasites; however, observational studies have consistently found associations between
PE immune responses and end points of malaria resistance [130].

Designing efficacious PE vaccines

Vaccine platforms

Protein-in-adjuvant—Protein-in-adjuvant vaccines are based on the rationale that
antibodies against the sporozoite can prevent migration and invasion. The most advanced
among these, RTS,S self-assembles into virus-like particles, and is based on the GSK
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vaccine EngerixB™ that targets the hepatitis B virus. The hepatitis B virus surface antigen
was used as a carrier matrix first by expressing it as a chimeric protein with 16 central
region repeats of CSP [131], but this construct was not immunogenic in a Phase | trial [132].
For RTS,S, hepatitis B virus surface antigen is fused to a CSP fragment containing 19
NANP repeats plus the entire C-terminal flanking region. RTS,S has been formulated with
different adjuvants to optimize the immune response.

Adjuvants are molecules that trigger danger signals and robustly activate the immune
response, and are classified into vehicles (aluminum salts, emulsions, liposome and
virosomes) that stabilize the antigen and slow its release or immunostimulatory molecules
(TLR ligands and bacterial toxins). Alum/aluminum salt-based adjuvants are used as
noncrystalline gels that enhance antibody response and have good safety records, but are
poor stimulators of cellular immunity [133]. MF59™ (Novartis, Basel, Switzerland) is an oil
(squalene)-in-water emulsion that induces antibody and strong T-helper responses but
modest CD4* Th1 responses [134]. Montanide adjuvants (e.g., ISA720) are water-in-oil
emulsions that contain squalene and mannide-monoleate as an emulsifier, and are similar to
incomplete Freund's adjuvant. Montanides have been used in several malaria studies and
promoted strong immune responses; however, in some of these studies unacceptable
reactogenicity was observed [135].

MPL is a low toxicity derivative of lipopolysaccharide endotoxin from the cell wall of
Gram-negative bacteria, and stimulates Th1 responses by acting as a TLR agonist. Saponins
are triterpene glycosides isolated from plants, including the most widely used derivative
called Quil-A, which is extracted from the Quillaja saponariatree. QS21, a purified
component of Quil-A, enables continuous release of antigen with high adjuvant potency and
low toxicity [136], yielding antibody, Thl and cytotoxic T-cell responses.

RTS,S was initially administered with conventional Alum-based adjuvants [131,137], with
or without MPL (a nontoxic derivative of LPS), that resulted in low protection rates. Among
11 novel adjuvant systems assessed in preclinical studies, AS04 (oil and MPL), AS03 (an oil
[squalene]-in-water emulsion), AS02 (a squalene-in-water emulsion containing MPL and
QS21, with mercury based thimerosal as a preservative), AS02A (same as AS02 but with
lactose as a cryopreservatant) and ASO1B (the oil-and-water emulsion of AS02 was replaced
by liposomes) were further evaluated. The results of clinical trials with RTS,S are described
elsewhere in this review, and the current product in Phase 111 trials is formulated with AS01.

Another protein-in-adjuvant malaria vaccine incorporates LSA-1, a highly conserved ~.
falciparum protein abundantly expressed by LS parasites. LSA-1 has no orthologue among
other Plasmodium species so it cannot be assessed for protection in animal models.
Immunization of mice and monkeys with the recombinant P. falciparum protein combined
with AS01 or AS02 generated antibody and specific CD4* and CD8* responses [138,139].
The so-called NRC construct of LSA-1 (the conserved T-cell epitope in the N and C
terminals and two 80-amino acid repeats out of the 17 in total) produced in Escherichia coli
and formulated with ASO1 or AS02 was tested in a Phase I/11 trial for reactogenicity and
efficacy. Overall the vaccine was well tolerated, and induced a modest increase in antibody
titer against LSA-1, and low cellular responses (mainly CD4" T cell and no detectable CD8*
T-cell responses). All the volunteers developed parasitemia after experimental infection,
with no difference between the immune and nonimmune groups [43].

The virosome platform or immunopotentiating reconstituted influenza virosomes (IRIV) has
been used to present peptides derived from CSP and AMA-1 anchored to a liposomal
carrier. The platform has adjuvant qualities as the liposomes are derived from influenza
virus and contain viral antigens. Peptides are both anchored to the surface and encapsulated
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in the lumen of the vesicle, and have the potential to stimulate antibody, CD4* T-cell and
CD8* T-cell responses. IRIV containing peptides derived from AMA-1 and CSP elicited
antibody that correlated with inhibition of sporozoite migration and hepatocyte invasion
[140], and proliferative cellular responses to AMA-1 peptides [141]. In a Phase Ib trial
among semi-immune adults and children, IRIV displaying AMA-1 and CSP peptides proved
safe, immunogenic and in addition revealed a trend of protection [142].

In summary, recombinant proteins in adjuvant can induce strong antibody responses, but are
poorly immunogenic for cytotoxic T cells in humans. Efforts are being made to search for
adjuvants that are safe to use in humans and generate potent humoral and cellular immune
responses.

DNA vaccines—DNA immunization has been appealing due to its simplicity and stability,
and a vaccine expressed within host cells would appear to have advantages against an
intracellular parasite such as Plasmodium. The main problem with DNA vaccines has been
weak immune responses in humans, with insufficient antibody or T-cell responses to
eliminate the parasite. Intramuscular immunization of mice with a DNA vaccine containing
P. yoelii CSP generated low levels of antibody that poorly inhibited the development of LS
parasites in vitro, however, half of animals acquired CD8-dependent sterile immunity.
Human trials of P. falciparum CSP in Vical vector VR1020 induced cytolytic activity in 11
out of 20 volunteers, primarily CD8" T cells [143], but antibody was absent [144].
Intradermal delivery improved antibody induction [144].

Co-administration of DNA vaccine constructs containing a panel of malaria PE antigens
(PfCSP, PfSSP2, PfEXP1, PfLSA-1 and PfLSA-3) in the Vical vector VCL-25, together
with plasmid encoding GM-CSF, yielded low cellular responses in volunteers and failed to
confer protection against experimental infection [145]. More potent plasmid delivery
methods, such as electroporation, are under assessment, and combinations with viral
platforms in prime—boost regimens may significantly improve responses.

Viral vectors—Viral vectors induce robust levels of cytotoxic immune responses, as well
as other responses that may be needed to eliminate pre-erythrocytic malaria infections.
Malaria antigens are cloned into the virus genome, which delivers the gene to the target cell
and facilitates intracellular expression of antigen. Processing of antigen in the cytoplasm or
nucleus (depending on the virus used) of the host cell results in presentation by MHCI
molecules. The virus itself has an adjuvant effect that can enhance the specific response.

The greatest concern with viral vaccines has been safety, since a malaria vaccine has healthy
individuals including children as its target population. Most of these vaccines have been
rendered nonreplicative with a minimum of two deletions to prevent a gain-of-function
recombination event. Another disadvantage of viral vectors is pre-existing immunity to the
vector, induced by prior immunization or by natural infection with the same or a related
vector. This problem can be partially overcome by using non-replicating viral vectors, as
well as DNA or protein-in-adjuvant vaccines for priming and/or boosting in combination
with the viral vector.

Poxviruses—Poxviruses have a large (~300 kb) double-stranded DNA genome that
enables cloning of up to 25 kb of foreign DNA, and expression of multiple antigens in the
same vector. Vaccinia virus and fowlpoxvirus are two poxviruses utilized to deliver malaria
antigens. NYVAC-Pf7 is an attenuated vaccinia virus strain containing seven P. falciparum
proteins from sporozoite (CSP and PfSSP2), liver (LSA-1), blood (MSP1, SERA and
AMAT1) and sexual (PFs25) stages. In a Phase I/11a trial of low (1 x 107 plague-forming
units [PFU]) and high (1 x 108 PFU) doses, antibody response was lower in individuals with
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prior exposure to vaccinia, although this effect was less prominent after high doses. A total
of 53% of high-dose volunteers and 26% of low-dose volunteers mounted cytolytic
responses to LS antigens (although to no more than one antigen by each individual), and
50% acquired proliferative responses to parasitized RBCs. Cellular immunity was not
affected by pre-existing immunity to vaccinia. One volunteer in the low-dose group was
completely protected after sporozoite challenge, and both low- and high-dose groups
showed delay in parasitemia compared with naive controls, with protection correlating to
immune responses [146].

Poxvirus family vectors have also been used to deliver TRAP antigen and other PE epitopes
in a series of clinical trials [147], as described above [103-106,148,149]. The partial
protection obtained with the poxviruses might be explained by strong CD4 responses in
DNA/MVA and FP9/MVA ME-TRAP regimens [150,151].

Adenoviruses—In the P. berghei model, more than 1% of the peripheral blood
lymphocytes must be CSP-specific memory CD8" T cells to protect Balb/c mice, much
higher than what had been achieved after human immunizations [152]. Moreover,
immunization with RAS broadens the number of antigens being processed but does not
lower the numbers of memory T cells required for protection, with more than 8% of the
peripheral CD8" memory cells required to be parasite-specific to protect Balb/c, while 40%
were not enough to protect B6 mice [76].

Adenoviral vectors are very potent and protect mice against malaria by inducing high
antibody as well as IFN-y responses [153,154]. Adenoviruses contain linear double-stranded
DNA genomes of approximately 38 kb size. Virus vectors have had two to three genes
deleted to render them replication-deficient, and enabling insertion of 7-8 kb of foreign
DNA. Adenovirus serotype 5 (Ad5) has been studied for malaria vaccines, although its use
is hindered by pre-existing neutralizing antibodies against the vector in 35-40% of USA
adults and over 90% of African adults [155]. The prevalence of anti-Ad5 immunity in young
children in Africa is lower. In the STEP HIV vaccine trial, the vaccinees showed a
nonsignificant trend towards increased HIV infection, and anti-vector immunity may have
contributed to this adverse safety profile [156].

For malaria, a recombinant Ad5 construct expressing CSP was delivered to human
volunteers, alone or in combination with the same virus vector expressing AMA-1, with
high IFN-y responses (comparable with RTS,S), but predominantly due to CD8* T cells
rather than CD4*. Antibody responses were low. Immune responses peaked after 1 month
and persisted for up to 12 months. None of the volunteers were protected after sporozoite
challenge, although two out of 11 showed a significant delay in parasitemia. Some of the
volunteers had neutralizing antibodies to Ad5; however, there was no correlation between
pre-existing immunity and generation of novel cellular or humoral immune responses
[157,158].

Concerns regarding pre-existing immunity against Ad5 can be addressed by using less
prevalent serotypes such as Ad35, or nonhuman adenoviruses. Human volunteers have been
immunized with Chimpanzee adenoviral vector 63 (ChAd63) expressing ME-TRAP.
ChAd63 induced IFN-y responses and boosting with MV A significantly enhanced responses
that persisted 3 months. Most volunteers were negative for ChAd63 neutralizing antibodies
before the vaccination and more than 90% seroconverted after vaccination [159].
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Expert commentary

For 40 years, scientists have known that immunity can completely block malaria infection of
humans, but progress has been slow and resources sparse to achieve the goal of a completely
effective pre-erythrocytic malaria vaccine. Partial protective efficacy observed in Phase 111
trials of the subunit vaccine RTS,S (which targets a sporozoite surface protein) has provided
proof of concept, but enhanced activity is required to achieve full protection. Deeper
understanding of parasite biology together with genomic, transcriptomic and proteomic data
have revealed numerous PE approaches and antigens for vaccine interventions, and these
should be rapidly assessed in human trials after completing preclinical evaluation. The
availability of an experimental infection model of humans makes Phase | trials followed by
sporozoite challenge a cost-effective means to screen PE vaccines for efficacy, but despite
this, few antigens have been tested to date. Existing adjuvants and vaccine platforms may
not be sufficient for the durable immune responses that would provide prolonged sterile
protection and contribute to malaria elimination programs. Malaria vaccine progress
depends on novel approaches, such as new adjuvants, viral vectors, nano-particle
technologies and protein conjugation, which enhance and prolong immune responses. In
parallel, systems immunology studies of complete protection after whole organism
vaccination, or of partial protection after subunit vaccination, will probably identify immune
mediators required to achieve sterile immunity.

Five-year view

Over the next 5 years, an expanded array of human and animal studies will intensively
interrogate the immune responses and antigens that contribute to sterile protection induced
by whole organism vaccination. In parallel, an accelerated program of clinical trials with
sporozoite challenge to test subunit PE vaccines will better define the characteristics of
protective antigens, including antigens that enhance the partial efficacy of the RTS,S, which
is currently in Phase 11 testing. Advances in vaccine platforms, such as improved adjuvants
or conjugation partners to prolong antibody responses and virus vectors or prime—boost
regimens for durable CD8* T-cell responses, will be needed if subunit vaccines are to
achieve the level of protection induced by whole organism vaccination. The recent call for
malaria elimination and eradication has intensified the impetus for PE vaccines that block
human infection, which could be combined with transmission-blocking vaccines that block
subsequent infection of mosquitoes, yielding bifunctional vaccines that completely interrupt
malaria transmission in a community.
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Key issues

*  The biology of pre-erythrocytic Plasmodium parasites reveals several targets for
vaccine interventions, such as sporozoite migration and invasion processes
targeted by antibody, or intrahepatocytic parasites targeted by CD8* and CD4*
T cells.

*  Whole organism sporozoite vaccines induce sterile immunity in animals and
humans, providing valuable models to guide subunit vaccine development.

*  Only a few pre-erythrocytic vaccine antigens have been tested in humans,
although the emerging transcriptome and proteome data offer thousands of
potential target antigens.

* A partially effective pre-erythrocytic vaccine based on CSP reduces disease but
does not prevent infection in field trials, and additional pre-erythrocytic antigens
may be needed to achieve sterile immunity.

*  The characteristics that predict effective pre-erythrocytic malaria vaccine
antigens are as yet undefined, and an accelerated program of clinical trials to test
numerous novel antigens for protection against experimental infection should be
undertaken to address this knowledge gap.

»  Current vaccine technologies may be insufficient to yield the durable antibody
and cellular immune responses required for sterile protection over an extended
period of time.

e Long-lived sterile immunity to pre-erythrocytic malaria will be a key tool in the
renewed effort to eliminate and eradicate malaria.
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Figure 1. The pre-erythrocytic jour ney of the Plasmodium parasitein the mammalian host
After injection into the skin by an infected female Angpheles mosquito, some sporozoites
may develop in the skin, some migrate to the draining lymph node where they can be
processed and presented to T cells, and some enter the bloodstream and reach the liver for
complete development. After reaching the liver, sporozoites pass through the layer of
Kupffer and endothelial cells to access liver parenchymal cells. A sporozoite may pass
through multiple cells before forming a parasitophorous vacuole within a final hepatocyte,
within which it undergoes liver stage development and gives rise to tens of thousands of
merozoites. These merozoites are then released into the bloodstream as merozoite-filled
packets called merosomes. DC: Dendritic cell; LS: Liver stage.
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Table 1
Pre-erythrocytic stage proteins.
Protein name Conserved L ocalization Plasmodium speciesstudied  Functional association Ref.
Skin to hepatocyte
CeITOSf Plasmodium  Microneme Pb Cell traversal [160]
SPECT t Plasmodium  Microneme Pb Cell traversal [19]
SpECTzf Plasmodium  Microneme Pb Cell traversal [161]
TRAP t Apicomplexa  Microneme and surface  Pb Motility and SPZ invasion [14,162]
TLP t Apicomplexa  Surface Pb Motility and cell traversal [33,163]
PL Plasmodium  Surface Pb Cell traversal [16]
Motility, attachment,
cspf Plasmodium  Surface Pb, Pf, Py, Pcand Pk regulation of host cell gene [36,164]
expression
Invasion of hepatocytes
. Tight junction formation
RON4 Apicomplexa  Rhoptry Pb during hepatocyte invasion [31]
p : Commitment to hepatocyte
p36p/p52’t and p367‘ Plasmodium  Microneme Pband Pf infection patocyt [15,31,165]
AMA1 Apicomplexa  Microneme Prand Pb Invasion of hepatocyte [166,167]
TRSP Plasmodium ~ ND Pb Invasion of hepatocyte [168]
Development in hepatocytes
LSA-1 Plasmodium PV Pf LS differentiation [169,170]
FabB/F and FabZ, i .
FabG, Fabl Plasmodium  Apicoplast Pyand Pf LS development [171,172]
. PVM remodeling and LS
SLARP/SAP1 Plasmodium  Nucleus and cytoplasm  Pband Py development [107,173]
LISP1 Plasmodium ~ PVM Pb Merozoite release from LS [174]
PDHEla, PDHE3 ND Apicoplast Py Fatty acid biosynthesis [175]
PKG Apicomplexa  Cytosol Pband Pf LS maturation [176]
. . Segregation of merozoites
PALM Plasmodium  Apicoplast Pb during LS maturation [177]
UIS3 Plasmodium ~ PVM Pb LS development [46]
uis4 Plasmodium  PVM Pb LS development [47]
MIF Plasmodium  Cytoplasm Py LS development [178,179]
ROM1 Plasmodium  Microneme Py PVM formation [180]

LS: Liver stage; ND: Not determined; Pb: Plasmodium berghei; Pc.: Plasmodium chabaudi; Pf: Plasmodium falaparum, Pk: Plasmodium knowlesi;

PV: Parasitophorous vacuole; PVM: Parasitophorous vacuole membrane; Py. Plasmodium yoelii.

flmportant for invasion of hepafocyte.

¢Important for LS development.
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Table 2
Mechanisms of protective pre-erythrocytic immunity determined from rodent models.
T Immune response/mechanism
Vaccination strategy Target Rodent model of protection Ref.
. . T and B cell-deficient :
Hlasmodium berghel T and B cells C57BL/GN x BALB/c | CElls are required for [181]
: AnN F1 (BLCF1) p
T cell-deficient (ATX- .
BM-ATS) BLCF1 mice B cells are dispensable
Thymus-derived T cells are
. . Nude B10LP mice required for the production of
P. bergheiRAS Thymus-derived T cells Thymectomized A/J mice  antisporozoite antibodies and the [182]
development of protection.
P. berghei sporozoites by — . . Antibodies against the Pb44
bites of irradiated ?r:)trlgggilgs Sﬁ?;gzt ;br:‘l'oﬁ eﬁ.tberghe/ BALB/c and A/J mice confer sterile protection against [68]
mosquitoes P P live sporozoite challenge
CD8* T cells, IFN-y and
P. berghei RAS T-cell effector mechanisms IFNy”’rats antibodies are required to inhibit [183]
EEF development
CDA4-depleted rats CD4* T cells are dispensable
CDB8-depleted rats
Plasmodium yoelii RAS . + CD4* and CD8* T-cell- CD8* T cells are required for
iv. CD4" and CD8" T cells depleted BALB/c protection [52]
Athymic mice CD4* T cells are dispensable
. . p2m-deficient and WT Memory CD8* T cells are
P. berghei RAS Iv. MHCI C57BL/6 required for sterile immunity 53]
MHCI independent
compensatory mechanisms are
not required for protection
. . - . . CD8* T-cell clones specific for
P. berghei RAS iv. CSP-specific cytotoxic T cells BALB/c mice CSP 46060 Mediiate protection [184]
. . CSP peptide-expressing
P. yoelirand £. berghei CSP-expressing infected hepatocytes BALB/cByJ B10.D2 hepatocytes are direct targets for [57]
RAS iv. . S
CD8* T cells in vitro
. : CD8* T-cell clones specific for
P. bergheiRAS iv. SeS"F; 277285 Peplide-expressing target g | gy the CSP,7_ps are required for [55]
sterile immunity
P. yoelii CSP subunit . T CSP subunit vaccines induce
vaccines ip. CSP-specific antibodies BALBIc nonprotective antibodies [185]
P. yoelii RAS confer protection
B6.D2 despite low titers of CPS-
specific antibodies
B10.BR No protection without CD8* T
cells
- Oxidized long C-terminal CSP
P. berghei oxidized C- o ) subunit (CS y 310) Vaccine
terminal CSP subunit CSP-specific immune mechanisms BALB/c 242-310. [186]

vaccine sc.

induces peptide-specific high
antibody titers and CTL
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Immune response/mechanism

Vaccination strategy Target Rodent model of protection Ref.
Protection is partially dependent
on CSyy5_s53-specific CD8*T
cells
P. yoelii SSP2 and CSP SSP2 and CSP-specific CTL and BALB/G Both SSP2 and CSP vaccinations [187]
transfected cells iv. antibodies are required for sterile protection
Sterile protection is mediated by
CTL but not antibodies
: Production of nitric oxide by
2’ Ogeﬁgif: Ibi’é\s by Effector mechanisms of protection BALB/cBYJ liver cells is required for [61]
q protection
CD8*T cells and IFN-y are
important for the production of
nitric oxide
CD4* T cells are dispensable
Recombinant adenovirus IEN-v~" IEN-yRc" cD8* T cell ired f
expressing P. yoelii CSP Effector mechanisms of protection N A Cels are required ror [117]

(AdPyCS) sc.

and WT BALB/c

protection IFN-vy is not required

Vaccinia virus expressing

the SYVPSAEQI epitope

of the P. yoeliiCSP iv.

Effector mechanisms of protection

IFN-y~"~ and WT BALB/
¢ Transgenic mice
expressing a TCR
specific to SYVPSAEQI
epitope of P. yoelii CSP
(CS-TCR Tg CD8* cells)

IFN-y secretion by CS-TCR
transgenic CD8* T cells is not [116]
required for protection

P. yoeliiand P. berghei
RAS iv.

Effector mechanisms of protection

B2m~~and WT C57BL/6

IFN-y from CD4* T cells and
antibodies are required for [64]
protection

CDB8* T cells are dispensable

P. yoelii GAS iv.

Effector mechanisms of protection

BALB/c IFN-y KO
BALB/cj

Perforin-deficient BALB/
¢ Swiss Webster

CD8* T cells are required for 63]
protection

Protection is partially dependent
on IFN-y and contact-dependent
killing of infected hepatocytes

P. yoeliiRAS iv. or by
mosquito bite

CSP-specific cytotoxic T cells

BALB/c ByJ

BALB/cAnn Nu/Nu

Cross-reactive CD8" T cells

mediate protection against both [187]
P. yeoliiand P. berghei

challenges

IFN-y requirement for protection
is antigen specific

Protection depends on the
number of CD8* T cells

P. bergheiand P. yoelii
RAS

Vaccination-induced CD8* T cells

BALB/c; C57BL/6; and
Swiss Webster mice

At least 8% of the CD8* T cell
compartment is required for [76]
protection, but are not always

sufficient

The CD8* T-cell requirement for
protection varies with the genetic
background

P. berghei RAS

Liver memory CD4* and CD8* T cells

C57BL/6

Vaccination-induced liver

lymphocytes confer protection [188]
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P Immune response/mechanism
Vaccination strategy Target Rodent model of protection Ref.
Memory CD8" T cells persist
long-term in the liver but not in
the spleen of immunized mice
Liver memory CD8* T cells
confer long-term protection
BALB/c Transgenic mice
P. yoeliiRAS by expressing a TCR CD8" T cells are primed in the
mosquito bite. Vaccinia o " - specific for the skin draining lymph nodes
virus expressing the Anatomic site of CD8" T-cell priming SYVPSAEQI epitope of before migrating to other tissues [11]

SYVPSAEQI epitope of against liver-stage parasites
P. yoelii CSP

the P. yoelii CSP (CS-
TCR Tg CD8 cells)
CD11c-DTR mice

including the liver where they
mediate protection

Much of what the authors currently know about the immune response to liver stage malaria parasite was discovered using rodent models This table
summarizes the findings that stem from the seminal observation by Ruth S Nussenzweig [49] in 1967 that vaccination with radiation-attenuated
sporozoites confers sterile immunity against viable sporozoite challenges in rodents These findings include the identification of humoral and
cellular immune factors that mediate protection and the anatomic sites where priming of effector functions against PE parasites occurs In addition,
this table highlights some of the contradictory but insightful findings that may reflect differences between the various models An extension of this
issue is the difficulty to reproduce the findings from rodent models to malaria in humans, emphasizing the uncertainty as to which model is most
suitable for studying human immunity, or the possibility that the range of animal models may reflect the diversity of human experience.

CSP: Circumsporozoite protein; CS-TCR: Circumsporozoite-specific transgenic T cell receptor; CTL: Cytotoxic T lymphocyte; EEF: Exo-
erythrocytic forms; iv.: Intravenous; ip.: Intrapentoneal; PE: Pre-erythrocytic; RAS: Radiation-attenuated sporozoites; sc.: Subcutaneous; WT:

Wild-type.
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Table 3

Transcriptome and proteome studies of pre-erythrocytic parasites.

Page 32

Parasite material Profiling method Major findings Ref.
Plasmodium falciparum sporozoites; LCMS MUDPIT 46% (2145) of all predicted proteins were identified in the [121]
blood stage merozoites, trophozoites four stages analyzed
and gametocytes
1047 proteins were identified in the sporozoite stage, with
512 (49%) of the proteins being unique to this stage
Mainly cell surface and organelle proteins
P. falciparum salivary gland High-density 88% (4557) of predicted genes detected in total, with [189]
sporozoites, asexual blood stages, oligonucleotide array of approximately 2000 detected in the sporozoite stage. Most
gametocytes 260,000 probes (>95% of sporozoite transcripts encoded hypothetical proteins, as well
predicted genes) as proteins involved in transport, protein synthesis,
transcription, cell cycle and signal transduction
Plasmodium yoelii sporozoites Microarray comprised of 124 genes were upregulated and 47 genes were [190]
collected from mosquito midgut 65-mer representing 6700 downregulated in the infectious salivary gland sporozoites.
oocyst versus salivary gland ORFs gPCR confirmed similar transcription of 11 orthologous genes
in P. falciparum sporozoites
P. falciparum blood stages, 150,000 25-mer P. yoelii Clustering analysis and comparisons to human and yeast [40]
sporozoite, zygote and ookinete custom-designed databases and protein-protein interaction data predicted the
stages, and P. yoelii sporozoites, LS oligonucleotide array function of 926 uncharacterized malaria genes
and asexual blood stages (cDNA subtraction)
P. falciparum sporozoites from nLC-MS/MS The study identified a total of 728 unique proteins, among [122]
midgut oocysts and salivary glands which 127 were detected in oocysts, 450 in oocyst-derived
sporozoites, and 477 in salivary gland sporozoites; 250 of
these 728 proteins were not detected in blood stage parasites
or gametocytes
P. yoelii sporozoites grown axenically  Sequencing of cDNA Identified approximately 1000 transcripts, including LS and [42]
for24 h library and validation by some blood-stage antigens. 21% of genes were not previously
gPCR of infected livers described
P. falciparum sporozoites exposed to DNA microarray containing 532 genes were upregulated and 79 were downregulated at [123]
hepatocytes for 1 h 12,037 unique 70-mer least twofold. Functional characterization of four genes with
oligonucleotides differential expression patterns (see text)
P. yoelii-infected hepatocytes Sequencing of cDNA 621 nonredundant genes identified, including 56% expressed [41]
collected from mouse livers 40h post library in blood stages and 25% unique to the LS
infection by laser capture
microdissection
P. yoelii7-infected hepatocytes Oligonucleotide (65-mer) Transcriptome: 1985 genes identified in LS parasites, [38]
collected 24h, 40hand 50h post- microarray containing including approximately 1000 upregulated genes and
infection; sporozoites from midgut annotated ORFs approximately 400 genes common to all timepoints
oocysts and salivary glands; mixed
blood stages
1DLC/MS/MS shotgun Proteome: approximately 800 proteins identified, including
proteomic analysis of late 170 unique to LS. 50 h LS parasites were 90% identical to
liver stages blood stages
93 LS proteins had a predicted signal peptide and 73 had a
predicted transmembrane domain
P. yoelii radiation-attenuated and Spotted micoroarray (65 bp  Approximately 1600 genes were differentially expressed in [191]

wild-type parasites at salivary gland
sporozoite, 24 h and48hLS

oligonucleotides)
representing 6700 ORFs

comparison to mixed blood stages, including 636 in wild-type
sporozoites, 889 in RAS sporozoites, 484 in 24h LS and 271
in 48h LS (161 common genes)

LCMS: Liquid chromatography mass spectrometry; LS: Liver stage; MS: Mass spectrometry; MUDPIT: Multidimensional protein identification
technology; nLC: Nano-liquid chromatography; ORF: Open reading frame; gqPCR: Quantitative PCR.
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