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Abstract
Plasmodium sporozoites are the product of a complex developmental process in the mosquito vector
and are destined to infect the mammalian liver. Attention has been drawn to the mosquito stages and
preerythrocytic stages owing to recognition that these are bottlenecks in the parasite life cycle and
that intervention at these stages can block transmission and prevent infection. Parasite progression
in the Anopheles mosquito, sporozoite transmission to the mammalian host by mosquito bite, and
subsequent infection of the liver are characterized by extensive migration of invasive stages, cell
invasion, and developmental changes. Preparation for the liver phase in the mammalian host begins
in the mosquito with an extensive reprogramming of the sporozoite to support efficient infection and
survival. Here, we discuss what is known about the molecular and cellular basis of the developmental
progression of parasites and their interactions with host tissues in the mosquito and during the early
phase of mammalian infection.

INTRODUCTION
The malaria parasite life cycle constitutes one of the most complicated and fascinating life
cycles of any organism and thus poses intriguing areas of study for cell biology, molecular
biology, and immunology alike. Malaria as a disease is devastating developing countries,
especially those in sub-Saharan Africa, causing approximately one million deaths each year,
which are mainly attributable to a single parasite species, Plasmodium falciparum (46,47). The
intricacy of malaria parasite biology has vexed vaccinologists and immunologists for nearly a
century and is a major impediment to the development of a fully protective vaccine. A major
part of the complexity associated with the malaria parasite life cycle is due to the parasite’s
ability to (a) change its cellular and molecular makeup, which is controlled by a genome with
more than 5000 recognized genes, and (b) develop in intracellular and extracellular niches in
the mammalian host and the mosquito vector.

The continuous host habitat changes are always associated with severe losses for the malaria
parasite, leading to great fluctuations in population densities. This is due mostly to the action
of host defense mechanisms initiated upon infection (115). However, the malaria parasite
effectively compensates for losses by growth and replication in cellular niches hidden away
from the host’s immune responses (36). Parasite stages that suffer such severe losses are the
ookinete and the sporozoite, both of which form and migrate within the insect vector (50,
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157). The ookinete develops from a zygote in the bloodfed mosquito midgut lumen, a product
of fertilization of a female macrogamete by a male microgamete. Notably, the ookinete is the
only invasive stage that is not preceded by a replication step, and thus ookinete numbers are a
direct product of the number of fertilization events. The ookinete starts its short journey by
traversing the midgut epithelial cell layer from the apical side and then egresses from the basal
end to reach the basal lamina. This invasion step is accompanied by a severe reduction in
ookinete numbers due to the intervention of host protective mechanisms (50). The surviving
ookinetes become sessile and transform into oocysts. The oocyst is the only parasite
developmental stage that grows extracellularly and results in the formation of sporozoites.
Sporozoites are released into the mosquito body cavity and invade the salivary glands, and they
suffer severe losses on this journey (51). The ookinete and the sporozoite are thus bottleneck
stages in the malaria parasite life cycle. Sporozoites are transmitted during the next mosquito
blood meal and initiate liver infection in the mammalian host. Liver infection does not result
in overt pathology but leads to a 10,000- fold amplification of parasite numbers, culminating
in the release of exoerythrocytic merozoites into the bloodstream, which in turn infect
erythrocytes to initiate the pathogenic erythrocytic cycle (152).

The complexity of parasite development in the mosquito is but one reason why the mode of
malaria transmission to humans remained unknown up to the end of the nineteenth century.
After discovery of mosquito transmission of malaria, further studies on how malaria parasites
infect the mammalian host had low priority because of Fritz Schaudinn’s (104) infamously
erroneous observation in 1903 of a sporozoite directly infecting an erythrocyte. This blunder
stymied further work on the initial infection in the mammalian host. However, Shortt &
Garnham (108) discovered in 1948 that sporozoites infect hepatocytes, where they develop
into liver stages before infection of erythrocytes. Attention was further redrawn to mosquito
stages after the seminal discovery in 1967 that immunization with irradiation attenuated mouse
malaria parasite sporozoites conferred long-lasting protection against infectious sporozoite
challenge (93). Furthermore, vaccination with irradiated P. falciparum sporozoites in human
volunteers conferred long lasting protection against malaria infection (21).

Nevertheless, the pre-erythrocytic stages have been least permissive to study owing to the
scarcity and difficulty of isolating mosquito stages and liver stages without contaminating host
material. Recent studies have overcome these technical difficulties and have obtained gene
expression and proteomic data sets for mosquito stages and pre-erythrocytic stages (49,61,
70,79,84,131). Furthermore, the advancements of gene manipulation technologies (137) and
in vivo imaging approaches (7) have enabled the dissection of the various molecular and
cellular mechanisms used by the sporozoite en route to the liver. Altogether, this has led to the
identification of numerous genes (Table 1) that have essential roles through- out mosquito
stages and pre-erythrocytic stage developmental progression, as well as new features of this
progression. The discovery of genes that are essential for liver stage development and that,
when deleted by genetic manipulation render sporozoites attenuated, have reinvigorated live-
attenuated malaria vaccine efforts and reinforced the notion that studies of basic parasite
biology inform the development of potential interventional tools for malaria (82). In this
review, we shed light on the biology of developmental progression of mosquito stages and pre-
erythrocytic stages within host tissues during their journey from the mosquito midgut to the
mammalian liver.

MOSQUITO STAGE DEVELOPMENT AND GENERATION OF SPOROZOITES
Gametogenesis and Ookinete Formation

The Plasmodium parasite undergoes sexual reproduction once during a life cycle, and this
occurs in the mosquito (Figure 1). Its genome is haploid, except briefly after fertilization. The
factors that initiate and regulate the formation of gametocytes are not yet well understood
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(67). Ingestion of gametocytes by a mosquito during a blood meal activates the formation of
gametes (gametogenesis) in the mosquito midgut lumen. A mosquito-derived molecule,
xanthurenic acid, in addition to temperature shift and pH change, can trigger male
gametogenesis in the form of exflagellation (14,15). P48/45 is a male-gamete-specific surface
protein belonging to the 6-cysteine repeat protein family. Using a genetic deletion analysis
study, van Dijk et al. (144) showed that P48/45 is essential for the male gamete’s ability to
fertilize a female gamete in P. berghei. A paralog of P48/45, named P47, is exclusively
expressed on the surface of female gametes. However, in contrast to P48/45, genetic deletion
of P47 did not have any impact on female gamete fertilization by a male gamete (146). Another
member of the 6-cysteine repeat protein family is P230, which is expressed on the surface of
male and female gametes and is recognized as a candidate for malaria transmission blocking
strategies (33). Knockout studies of P230 in P. falciparum revealed an important but
unidentified function during gamete fertilization in the mosquito midgut (32).

Another gene associated with gamete formation appears to have different functions when
comparing P. falciparum with P. berghei. The male development gene-1 (MDV-1) (also called
Peg3) is expressed in intracellular vesicles in both male and female gametes but is later
localized to the surface of developing ookinetes (121,40,69). Deletion of MDV-1 from P.
falciparum suggested a role in male gamete activation (40). In P. berghei, however, targeted
deletion of MDV-1 revealed a function during female gametocyte activation and macrogamete
development (69).

Plasmodium calcium-dependent kinase 4 (CDPK4) and mitogen-activated protein kinase 2
(MAPK-2) have essential functions for mature male gamete development in P. berghei (13,
101,134). In contrast to the rodent model data, MAPK-2 is not essential for P. falciparum
gametogenesis; however, it is essential for asexual blood stage growth (31). Moreover, in P.
falciparum a cGMP-dependent protein kinase (PKG) is essential for xanthurenic acid–
mediated activation of male gamete exflagellation in the mosquito midgut (80). Collectively,
these findings show that malaria parasite protein kinases are essential in multistep functions
during the signaling cascade that controls male gametogenesis (30). In addition, a
Plasmodium protein with homology to the plant sterility factor HAP2 has an essential function
for the gamete membrane fusion in Plasmodium. This mechanism is conserved across phyla
because it also occurs in the green alga Chlamydomonas minus (74). Targeted disruption of
HAP2 in P. berghei generated parasites that formed mature gametocytes and gametes but failed
to fertilize and form zygotes. Moreover, HAP2 localizes to the gamete fusion site and is
essential for gamete membrane fusion in C. minus (74). The zygote inherits the maternal gamete
plasma membrane, cytoplasm, and intracellular organelles. Translational repression in female
gametocytes regulates expression of gene products needed later during zygote formation and
development. Genetic deletion of the putative RNA helicase DOZI (development of zygote
inhibited) directed about 370 translationally repressed transcripts for degradation, which had
a severe negative effect on the production of zygotes (76). Another study pointed to an
additional Plasmodium factor, high mobility group protein 2 (HMGP2), as critical for the
expression of 35 genes, which in turn are important for completion of the sexual cycle of
Plasmodium in the mosquito and for oocyst development (44). Although, the authors of this
study did not reveal how, when, and where exactly HMGP2 functions, it is predicted that
HMGP2 is involved in activating the transcription of gene products in gametocytes that will
be functional later during zygote and ookinete formation.

Because sequencing of the Plasmodium genome revealed an apparent paucity of known
transcription factors (9,42) but the presence of many of the posttranscriptional regulation
factors found in other eukaryotes (107), it was suggested that regulation of gene expression in
Plasmodium is mainly accomplished at the posttranscriptional and translational levels.
However, more recently, a bioinformatics approach led to the identification of Apetala2 (AP2)
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plantlike transcription factors in Plasmodium and revealed that transcriptional regulation might
be utilized significantly by the parasite (10). Indeed, a groundbreaking study demonstrated that
Plasmodium AP2-like domains bind DNA (25). Another recent elegant study by Yuda et al.
(171) showed that one member of the AP2 family, AP2-O, has an essential role in ookinete
development and ookinete invasive function by regulating expression of a specific set of genes.
Targeted deletion of AP2-O in P. berghei generated mutant ap2-o-parasites that were capable
of fertilization and early ookinete development but failed to produce mature functional
ookinetes. The Plasmodium AP2 family binds specific conserved DNA sequences upstream
of its target genes (25). Therefore, the mechanism of AP2-O function is predicted to be the
transcriptional activation of a specific subset of genes through binding to upstream cis-
regulatory elements.

Ookinete Invasion of the Midgut Epithelium
Soon after zygote formation, meiosis is executed and genetic recombination occurs. The
spherical zygote transforms into an ookinete (Figure 1). A NIMA (never in mitosis/
Aspergillus)-related protein kinase (Nek-4) is crucial for the development of ookinetes from
zygotes (102). The ookinete is an elongated motile cell that possesses secretory organelles
called micronemes that contain proteins involved in motility, tissue traversal, and invasion.
The ookinete uses motility to leave the blood meal bolus and to penetrate the peritrophic matrix
that encloses the blood meal. In P. falciparum and P. gallinaceum, but not in P. berghei, the
parasite enzyme chitinase seems to be critical for the ookinete to cross the peritrophic matrix
layer (27,154,155). The micronemal proteins CDPK3 (calcium dependent protein kinase 3)
(54,110) and CTRP (circumsporozoite and TRAP-related protein) (26,172) are involved in
motility and infectivity of the ookinete. Targeted disruption of CTRP drastically reduced the
gliding motility of ctrp– ookinetes and abolished the midgut epithelium infectivity, and no
oocysts were produced in vivo (26). Similarly, targeted disruption of CDPK3 generated mutant
ookinetes that were immotile and failed to invade the midgut epithelium in vivo (54,110). After
breaching the peritrophic matrix, the ookinete then penetrates the apical end of the mosquito
midgut epithelium. A candidate for initial host cell membrane disruption and penetration by
the ookinete is a micronemal protein with a perforin-like membrane attack complex domain
called the membrane attack ookinete protein (MAOP) (56). CTRP is also thought to play an
essential role in this process (73). The ookinete traverses a number of epithelial cells before
exiting through the basal side of the epithelium. This phenomenon is called cell traversal, and
it is also displayed by salivary gland sporozoites in the skin and in the liver sinusoid. The
secreted micronemal protein CelTOS (cell traversal protein for ookinetes and sporozoites)
plays an important role but is not essential for ookinete traversal through midgut epithelial
cells, presumably similar to the traversal of the sporozoite through hepatocytes (63).
Transmigration through epithelial cells activates the ookinete to switch from cell traversal
mode to sessile mode. The ookinetes’ exit at the basal side of the epithelium marks the end
point of migration and initiates its transformation into an oocyst.

Ookinete to Oocyst Transformation
Ookinetes injected into the hemocoel of mosquitoes (161,164) or even the hemocoel of
Drosophila melanogaster (105) can attach to the midgut wall and transform into oocysts that
subsequently develop into sporozoites. Ookinetes can also transform in vitro into oocysts and
develop sporozoites in the presence of matrigel, which includes a laminin-like substrate (3).
The basal lamina, which consists mainly of laminin and collagen, covers the entire coelomic
cavity of the mosquito, including the midgut. Mainly laminin, probably in association with
other host factors in the basal lamina, induces the transformation from a moving ookinete to a
sessile oocyst (2). It is thought that the laminin-mediated transformation is triggered by parasite
ligands on the surface of the ookinete and the major glycosylphosphatidylinositol (GPI)-
anchored ookinete surface proteins P25 and P28 bind and interact with laminin to participate
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in ookinete transformation (156). Yet, the action of both proteins is probably redundant (139)
because generation of single-gene deletions showed only a mild negative effect on ookinete to
oocyst transformation, whereas double-gene deletion mutants showed a severe defect not only
in ookinete to oocyst transformation but also in midgut epithelium invasion (139). Other
ookinete surface proteins that possibly participate in the process of ookinete to oocyst
transformation are two proteins with adhesive domains, SOAP (secreted ookinete adhesive
protein) (28) and the aforementioned CTRP (73,75). P. berghei SOAP interacts with
Anopheles laminin in a yeast two-hybrid assay (28). Targeted deletion of SOAP generated
mutant ookinetes that were impaired in their ability to invade midgut epithelium and transform
into oocysts. In addition to its function during the invasion of midgut epithelium, CTRP binds
to Anopheles laminin (75). Interestingly, CTRP and SOAP are not important for ookinete to
oocyst transformation in the in vitro cell free system (91).

Oocyst Development and Sporozoite Differentiation
The fate of the malaria parasite in the mosquito and its transmission to the next host are
dependent on the few ookinetes that cross the midgut epithelial barrier and develop into oocysts
(Figure 1). Defects in gametogenesis, fertilization, ookinete formation, ookinete motility, and
cell traversal as well as oocyst development all lead to a reduction in the number of mature
oocysts. Oocyst development is relatively long, approximately 10–12 days. The oocyst is the
only extracellular developmental stage of the malaria parasite life cycle. Life in an extracellular
environment presents distinct challenges, but little is known about how the oocyst interacts
with its host.

LAPs (LCCL/lectin adhesive-like proteins), which are expressed only in female gametocytes
and ookinetes, play a decisive role in sporozoite formation several days after the oocyst
develops and grows in size (17,20,71,97,99,141). After the transformation of the ookinete into
an oocyst, mitotic divisions take place. A hallmark of Plasmodium replicating stages is the
clear temporal separation of karyokinesis from cytokinesis. For the small oocyst syncytium to
develop further and grow, it likely acquires nutrients from the host insect. The actual
mechanisms that govern the selective influx of nutrients to the oocyst, presumably from the
hemolymph through the basal lamina, are not yet known. However, it is assumed that the oocyst
wall or capsule is a main organizer of nutrient acquisition. The oocyst capsule is bipartite and
consists of a thick outer layer, formed mainly of mosquito laminin (92), and an inner oocyst
plasma membrane (118). In addition to the presence of parasite transglutaminase (1), another
parasite protein, Cap380 (oocyst capsule protein), is localized specifically to the laminin-rich
outer capsule layer (127). The oocyst grows to 50–60 μm in diameter, making it one of the
largest life cycle stages. Ultimately, the real success of oocyst development is assessed by the
formation of sporozoites.

Prior to sporozoite formation, an important sporozoite protein called circumsporozoite protein
(CSP) (Figure 2) plays a major role in oocyst development. CSP has an N-terminal signal
peptide and a C-terminal GPI transfer sequence and is thus most likely bound to the parasite
membrane by a GPI anchor (85). CSP expression begins a few days after oocyst formation and
accumulates on the growing oocyst’s plasma membrane (136). At the onset of sporozoite
formation, the oocyst plasma membrane retracts through internal invaginations to form lobes
of cytoplasm with nuclei undergoing their final mitotic divisions (117,119,121). These
syncytial lobes are called the sporoblasts. The sporoblast is marked by the presence of CSP on
its membrane and the localization of the daughter nuclei to its periphery (136). CSP is essential
for the formation of the sporoblasts, and hence sporozoites (81).

The microtubule organizing centers (MTOCs) are located just underneath the sporoblast
membrane (136). MTOCs lead the formation of the apical complex and position the nuclei for
the later incorporation into daughter sporozoites. The molecular mechanism that drives the
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formation and organization of MTOCs under the sporoblast plasma membrane is not yet
known. However, it is assumed that CSP plays an important role in this process (136). After
assembly of the apical ring, formation and polymerization of the subpellicular microtubules,
and attachment to the inner membrane complex (IMC), the sporozoites bud-off from the
sporoblast (147). The budding of the sporozoites is asynchronous and appears to happen from
the sporoblast membrane in successive waves (121,133,147). IMC1, which resides in the IMC,
is an important protein that determines the shape of sporozoites and is critical for motility
(65). Targeted disruption of IMC1a in P. berghei results in misshaped sporozoites that are
defective in motility (65). The mature sporozoites develop their crescent shape after completion
of budding from the sporoblasts. The crescent shape is believed to result from the uneven
distribution of the microtubules attached to the IMC (119). After completion of sporozoite
formation, thousands of sporozoites are waiting in the oocyst to be released into the mosquito
hemolymph.

SPOROZOITE MATURATION AND DEVELOPMENT OF INFECTIVITY
Egress of the Sporozoites into the Mosquito Hemocoel

Sporozoites acquire motility before they get released from the oocyst. This form of motility is
believed to be incomplete and not as vigorous as the gliding motility displayed by mature
salivary gland sporozoites (129,148), and the development of motility was not thought to
directly cause sporozoite egress from the oocyst. Rupture of the oocyst was thought to be a
passive result of oocyst expansion and the accumulation of thousands of sporozoites (117). In
this model, the oocyst capsule wall is perforated by small holes, due to growth, through which
the sporozoites can escape to the hemocoel. However, it is now known that a putative cysteine
protease, ECP1 (egress cysteine protease 1), is essential for the egress of sporozoites from
oocysts (4). ECP1 deletion in P. berghei created parasites with fully mature oocysts packed
with sporozoites, but these sporozoites were incapable of freeing themselves from their oocyst
compartment. ecp1– sporozoites showed continuous circular movement inside oocysts (4). The
maturation of mutant sporozoites to the extent that they acquire motility without escaping the
oocyst strongly suggested that protease activity, not growth or motility, is responsible for the
egress of the sporozoites. This intraoocyst circular motility could be compared to the in vivo
gliding motility displayed inside the salivary glands (39) and the mammalian skin (8).

Mutation of the positively charged conserved region II plus of the CSP protein led to a
phenotype similar to that of ecp1– sporozoites (159). In this study, replacement of the positively
charged region II plus of CSP with neutral alanine residues generated transgenic parasites that
produced a normal number of oocyst sporozoites that failed to exit the oocyst. This result
implied that ECP1 might be involved directly or indirectly in the processing of CSP in the
oocyst, which in turn is necessary for sporozoite release. Moreover, deletion of an oocyst
hypothetical protein in P. berghei, first identified in a P. falciparum sporozoite proteome study
(70), exhibited an egress defect similar to ECP1 disruption and mutation of region II plus of
CSP (4,159). This demonstrates that more than one parasite protein is involved in the process
of egress from midgut oocysts. However, it remains to be determined what sequence of
molecular events and interactions leads to sporozoite release.

Attachment and Invasion of the Salivary Glands
After their release into the hemocoel, sporozoites are carried by the circulation of hemolymph
to all tissues of the mosquito, even to the legs and wing veins (120). The hemocoel sporozoites
eventually pass by the basal lamina of the mosquito’s salivary glands (Figure 1). During this
brief encounter, parasite ligands recognize specific host receptors that allow the sporozoite to
adhere to the basal lamina of the salivary gland but not to any other mosquito tissue (120). The
attached sporozoites breach the basal lamina and invade the salivary gland secretory acinar

Aly et al. Page 6

Annu Rev Microbiol. Author manuscript; available in PMC 2010 March 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cells through their basal plasma membrane (95). Invasion is thought to occur in a vacuolar
membrane of host cell origin and not by plasma membrane disruption. The existence of this
vacuole is brief and only accompanies the sporozoite through the cytoplasm of the acinar cells
(95). Thus, the transient salivary gland invasion vacuole differs substantially from the persistent
parasitophorous vacuole (PV) that surrounds developing liver and blood stages. However, the
development and nature of such a transit vacuole are not understood. Finally, the sporozoites
exit from the transit vacuole as they emerge from the apical side of the acinar cell plasma
membrane into the salivary gland duct (95).

A number of parasite ligands necessary for the initial attachment of sporozoites to the salivary
glands have been identified. A recombinant protein of the conserved central region I of CSP
binds specifically to the salivary glands’ distal and lateral lobes in a way that resembles the
presence of the sporozoites within the respective salivary gland ducts (112). Moreover,
competition studies showed that the N terminus of CSP and full-length CSP block the
attachment of sporozoites to the salivary glands (90,112). Furthermore, a number of different
studies have shown that antibodies to CSP block salivary gland invasion by sporozoites (11,
29,162).

The thrombospondin-related anonymous protein (TRAP) is also essential for attachment and
invasion of the salivary glands (59,78,129,165). Disruption of TRAP in P. berghei resulted in
the accumulation of viable hemocoel sporozoites in the hemolymph that are no longer motile
and are unable to invade the salivary glands (129). The functional region of TRAP involved
in salivary gland invasion is in the conserved extracellular adhesive A domain and the
thrombospondin repeat domain, both of which also have a role in hepatocyte invasion (78).
TRAP has a carboxyl terminus cytoplasmic domain containing a penultimate tryptophan.
Mutations or deletions in the cytoplasmic tail of TRAP, including the penultimate tryptophan,
provided genetic evidence that the carboxyl terminus of TRAP is directly responsible for
sporozoite gliding and cell invasion (59).

Interestingly, saglin, a molecule expressed at the surface of the distal lobes of Anopheles
salivary glands, interacts with TRAP (43), and antibodies to saglin cause a reduction in
sporozoite salivary gland invasion (94). A small peptide (SM1) that binds to salivary gland
distal lobes ex vivo and to saglin in vitro can compete for the interaction between TRAP and
saglin (43). Moreover, antibodies to the SM1 peptide can detect TRAP in oocyst sporozoites
and saglin can bind TRAP in vitro (43). Further molecular dissection of the interaction between
TRAP and saglin will reveal the role of saglin in sporozoite attachment, entry into the salivary
glands, or both.

Numerous research efforts have determined that gliding motility and host cell invasion by
sporozoites and other invasive stages are powered by an actin-myosin motor located between
the parasite plasma membrane and the IMC. Furthermore, the IMC and the actin-myosin motor
are connected to host cell receptors through TRAP or TRAP-like molecules (60). A TRAP-
like molecule called UOS3 (upregulated in oocyst sporozoites 3) has an important role in
salivary gland invasion (84). UOS3 has also been named TREP (TRAP-related protein) (22)
and S6 (128). UOS3 has a cytoplasmic domain similar to that of TRAP as well as a
thrombospondin repeat domain. Targeted deletion of UOS3 in P. yoelii or P. berghei generated
viable hemocoel sporozoites that could not invade the salivary glands. Although it is not yet
clear how UOS3 functions, initial data suggest that a motility defect due to a lack of UOS3
protein might result in the absence of salivary gland invasion (22,128). However, unlike TRAP,
UOS3 has no function in hepatocyte infection since uos3– oocyst and hemocoel sporozoites
are able to infect the liver when injected into mice, leading to a blood stage infection. This
observation is thus difficult to reconcile with a general defect in motility (84).
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Other proteins that have an important role in salivary gland invasion are cysteine repeat modular
proteins (CRMPs), and targeted deletion of CRMP-1 and CRMP-2 in P. berghei revealed a
specific role for these sporozoite surface proteins in salivary gland invasion (138). MAEBL
also has a specific role in salivary gland invasion, and it is a micronemal protein expressed in
oocyst, hemocoel, and salivary gland sporozoites (64). Targeted disruption of MAEBL in P.
berghei generated sporozoites that were unable to attach to the basal lamina of the salivary
glands (64). In marked contrast to TRAP-deficient parasites, which cannot infect the
mammalian host, MAEBL-deficient hemocoel sporozoites were still able to glide and infect
the mammalian host. MAEBL undergoes differential alternative splicing and posttranslational
modifications in a number of life cycle stages (62,98,123), indicating that variants of MAEBL
could serve different functions throughout the malaria parasite life cycle.

Differential Gene Expression in Sporozoites and Regulation of Infectivity in Different Host
Tissues

The sporozoite maturation within mosquito tissues has remained a puzzle for decades. Initial
observations confirmed that whereas the sporozoites in the salivary glands are motile and
infectious to the vertebrate host, the sporozoites within the oocysts are not (148,149). If injected
into the hemocoel, salivary-gland derived sporozoites cannot reinvade the salivary glands
(140). This finding suggested that salivary gland sporozoites were irreversibly programmed to
infect the mammalian host. The first indication that distinct transcriptional repertoires are
associated with discrete sporozoite phenotypes came from cDNA subtraction screens of oocyst
and salivary gland sporozoites (79). This led to the isolation of a set of genes that were
upregulated in infectious sporozoites (UISs), and these genes were thought to be involved in
the infection of the mammalian host. Indeed, two transmembrane proteins encoded by UIS
genes (UIS3 and UIS4) were subsequently shown to be essential for liver stage development
after sporozoite invasion (88,89). Another UIS-encoded protein, UIS10, a putative
phospholipase, has a role in sporozoite tissue traversal before hepatocyte invasion (12).
Recently, a more comprehensive microarray analysis of the UIS gene expression profile was
conducted in P. yoelii and identified a set of 141 UIS genes (84). The same study found a further
set of genes that are upregulated in oocyst sporozoites (UOS) but downregulated in salivary
gland sporozoites. This study also demonstrated for the first time that differential gene
expression also occurs in P. falciparum sporozoites. UOS genes are predicted to play a role in
sporozoite function prior to and during salivary gland invasion. Indeed, the aforementioned
UOS3 was identified in this set of genes and is essential only for salivary gland invasion (84).
The regulation of infectivity-associated gene expression, however, is still poorly understood.

As discussed above in regard to gametogenesis and ookinete formation, the identification of
the AP2-like family of transcription factors (10,25,171) revealed that transcriptional control
can play an important role in parasite development. However, AP2 participation in the
regulation of sporozoite gene expression has not been demonstrated. The low complexity
protein SAP1 (sporozoite asparagine-rich protein 1) localizes to the sporozoite cytoplasm and
is instrumental in regulating sporozoite infectivity (5). Targeted deletion of SAP1 generated
salivary gland sporozoites that showed normal tissue traversal activity and invasion of
hepatocytes. However, SAP1-deficient sporozoites were unable to initiate liver stage
development (5). UIS3, UIS4, and P52 were not significantly expressed in sap1– sporozoites.
This was due to a dramatic reduction in the transcript abundance of UIS genes. However,
transcript abundance of other sporozoite-expressed genes that encode proteins involved in
tissue traversal activity such as SPECT1, SPECT2, and S4/CelTOS (52,55,63), as well as the
main constitutive sporozoite proteins CSP and TRAP, were unaffected. Because SAP1 is a
putative cytoplasmic protein and lacks any known DNA binding motifs, it was predicted to be
involved in posttranscriptional regulation of UIS gene expression because this should occur in
the cytoplasm. Another study reported nuclear localization of SAP1 (114), and thus the role
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of SAP1 could include transcriptional regulation as well. However, data from our laboratory
suggest that SAP1 is involved in the posttranscriptional regulation of UIS mRNA stability
(A.S.I. Aly & S.H.I. Kappe, unpublished data).

Another recent study showed that the temperature shift that occurs when sporozoites are
injected into the host and host cell contact cause an increase in transcript abundance in a number
of genes involved in P. falciparum hepatocyte infection (109). The array of genes appears to
have two different time courses in infected hepatocytes—transient and sustained—that are
proposed to be linked to hepatocyte invasion and liver stage development, respectively.
Antibodies raised against two of the transient proteins (SIAP-1 and SIAP-2) and two of the
sustained proteins (LSAP-1 and LSAP-2) showed that they were expressed preferentially on
the sporozoite surface and the developing liver stage, respectively (109). Antibodies to SIAP-1
and SIAP-2 were able to cause diminished sporozoite traversal and hepatocyte invasion,
suggesting that SIAP-1 and SIAP-2 are involved in these processes.

Sporozoite Transmission and Infection of the Mammalian Host
During the mosquito bite, infectious sporozoites leave the salivary gland of the mosquito, enter
the host, and eventually make their way to the liver, where they invade hepatocytes and
ultimately become liver stages. Although it was shown in 1939 that sporozoites could be found
in the avascular tissue surrounding the site of the mosquito bite (16), it was assumed that most
of the sporozoites discharged by an infectious mosquito at the moment of biting were expelled
directly into the lumen of a capillary. This scenario was questioned when it was shown that
mosquitoes that were only allowed to probe the skin, and not actually take a blood meal, were
able to infect mice (77). Conversely, if the site of a blood meal was treated with heat
immediately after the mosquito imbibed, the mice did not develop a blood stage infection
(77). The authors also showed that mice would develop a blood stage infection if sporozoites
were injected into the skin, muscle, peritoneum, and tail end. Similarly, it was shown that if
the site of the mosquito bite on a mouse ear was removed five minutes after the blood meal
had been taken by a P. yoelii–infected mosquito, there was a dramatic drop in the development
of a blood stage infection (111). These results suggested that the sporozoites that ultimately
led to a malaria infection were not entering the bloodstream during the blood meal; they were
leaving the site of injection and finding the bloodstream on their own.

With the development of fluorescently labeled P. berghei parasites (35) and advances in
intravital microscopy, it was recently shown that significant numbers of sporozoites are indeed
injected into the avascular tissue of mouse ear pinnae as the mosquito probes for its blood meal
(151). Real-time imaging allowed the authors to visualize for the first time the efficient gliding
motility of the released salivary gland sporozoites and ultimately their invasion of blood vessels
and disappearance from the bite site. Many sporozoites remained motile for at least 30 min at
the bite site. Amino and coauthors have also captured images of the robust forward-gliding
motion of injected fluorescent P. berghei sporozoites in avascular tissue, which occurs at a rate
of 1–2 μm s−1 (8) and is 10–20 times faster than their motion in the mosquito salivary duct
(39). The authors also noted sporozoites invading blood vessels, and this was typically preceded
first by a reduced gliding pattern of movement along the vessel and then by invasion, which
took place in about a minute. Additional studies have revealed that about half of the sporozoites
remain in the skin for up to seven hours and, surprisingly, that between 15% and 20% of the
sporozoites enter the lymphatic system, causing enlargement of the draining lymph node (8,
168). The sporozoites entering the lymphatic system appeared to be slowly drifting away from
the bite site in a sideward motion and ultimately interacted with dendritic cells and even
partially developed in the endothelial cells lining the proximal lymph node (8).

The findings described above underscore the necessity for (a) sporozoite motility for the
progression of the inoculated sporozoite from the avascular tissue of the skin to a blood vessel,
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and (b) sporozoite entry into the blood vessel endothelium in order to reach the liver. The ability
of sporozoites to traverse through host cells by membrane disruption was first documented in
1990 (150). Further studies have shown that sporozoites wound the cells they traverse through
but that subsequently the host cell membrane can be repaired (87).

A number of sporozoite proteins play a role in host cell traversal. Two of these are SPECT1
(sporozoite microneme protein essential for cell traversal 1) and SPECT2/PLP1 (perforin-like
protein 1). P. berghei SPECT1 is a micronemal sporozoite protein with no known function,
yet its targeted disruption completely abrogated the ability of sporozoites to traverse cells
(55) without affecting their gliding motility. PLP1, also a micronemal protein, contains a
membrane attack complex/perforin-related domain (57), typical of proteins involved in pore
formation and plasma membrane lysis. The phenotype resulting from the deletion of PLP1 was
similar to that from spect1– sporozoites (52). A more recent study has established the
importance of the SPECT proteins in sporozoite migration in the skin after mosquito deposition
(6). In the study, in vivo behavior of fluorescent P. berghei spect1– and plp1– sporozoites in
the skin of mouse ear pinnae was observed. The authors showed that SPECT1 and PLP1 were
important for sporozoite transit in the skin, and although the spect1– and plp1– sporozoites
glide in 3D matrices, they were immobilized in the skin presumably because they were unable
to traverse host cells. The mutant sporozoites were cleared by dermal phagocytes and arrested
in dermal fibroblasts, but despite their apparent lack of cell traversal, a number of spect
knockout parasites breached the endothelial barrier to reach the bloodstream and invaded
hepatocytes with the formation of a PV. The authors suggest that host cell traversal and
extracellular gliding are important attributes the sporozoite requires to reach the liver (6).

As well as the SPECT proteins, P. berghei sporozoites secrete a phospholipase (PbPL) that is
important in cell traversal (12). Using a PbPL specific antibody, it was shown that PbPL is
expressed at the surface of the sporozoite and when expressed heterologously it had membrane
lytic activity (12). Disruption of PbPL did not affect sporozoite gliding or hepatocyte invasion,
but it greatly reduced cell traversal activity, leading to a one-day delay in the time from
infectious mosquito bite to blood stage parasitemia (12). As for the SPECT proteins, PbPL
obviously plays an important role in cell traversal, likely due to its membrane lytic activity.

Finally, the protein CelTOS is involved in cell traversal in the ookinete and the sporozoite
(63). CelTOS is localized to micronemes, and its targeted disruption in P. berghei reduced
parasite infectivity in the mosquito host and sporozoite infectivity in the liver, as well as
significantly reducing its cell traversal ability. These results suggest that conserved cell passage
mechanisms are used by both ookinetes and sporozoites to breach host cellular barriers (63).

The ongoing research in sporozoite biology has uncovered the importance of the skin stage of
the life cycle. Sporozoites can reside in the skin for hours as well as migrate from the skin to
a blood vessel for passage to the liver or to the draining lymph node. Once the sporozoites are
in the lymph node, dendritic cells prime a cohort of CD8(+) T cells that then travel to the liver
and recognize parasitized hepatocytes (19). Although we are now aware of candidate molecules
necessary for cell traversal, the process by which this event actually occurs and the function
of the molecules involved are still poorly understood and warrant further research.

CSP: A MULTIFUNCTIONAL PROTEIN
CSP is one of the most studied of all Plasmodium proteins, and hundreds of papers have been
published documenting the many biological functions of this ubiquitous cell surface protein
as well as its utility as a vaccine (Figure 2). CSP uniformly covers the sporozoite and is attached
to the plasma membrane by a GPI anchor. CSP is essential for sporozoite development and its
GPI anchor is crucial for its function during sporozoite formation (160). In all malaria species,
CSP has a similar structural organization consisting of a variable central region of repeat units
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and two highly conserved motifs, regions I and II plus, located at the amino- and carboxyl-
terminal of the molecule, respectively. Studies utilizing P. berghei parasites expressing P.
falciparum CSP have shown that region II plus is essential for sporozoite motility and necessary
for robust salivary gland invasion and hepatocyte infection (135). In 1992 it was shown that
region II plus of CSP was involved in the binding of CSP to the basolateral domain of
hepatocyte membranes, and the authors concluded that this binding provided a rational
explanation of why sporozoites target the liver (18). It was then discovered that CSP recognized
and bound to heparan sulfate proteoglycans (HSPGs) that are expressed on the surface of both
hepatocytes and hepatoma cells (38), and the recognition was shown to occur via the
glycosaminoglycan chains of the HSPGs. Further work demonstrated that region II plus did
indeed bind directly to HSPGs and that certain basic amino acids as well as the interspersed
hydrophobic residues of region II plus are required for binding of CSP to hepatocyte HSPGs
(124). On the basis of this information, the authors constructed a multiple antigen peptide that
mimicked the hepatocyte binding ligand and showed that the peptide inhibits binding of CSP
to HepG2 cells in vitro. A closer examination of region II plus demonstrated a specific
requirement for the carboxyl positively charged residues that bind to the negatively charged
glycosaminoglycan chains of the heparan sulfate expressed on the surface of cells (41). The
degree of sulfation of the glycosaminoglycan chains at both the N- and O-positions of the
HSPGs is important for the binding of CSP to cells (96), and highly sulfated heparins (naturally
occurring HSPGs) had an enhanced ability to competitively inhibit the attachment of
sporozoites to HepG2 cells (169). These and other studies have demonstrated that CSP has
high-affinity binding for the highly sulfated heparins found specifically in the liver and that
these HSPGs provide a signal for sporozoites to arrest in the liver and proceed with a productive
invasion of hepatocytes.

The overall extent of sulfation of heparan sulfate is highest in hepatoma cells when compared
with other cell types, and the subsequent change in sporozoite behavior, from host cell traversal
to invasion, when encountering hepatoma cells is directly related to CSP cleavage (24). CSP
cleavage takes place in region I and is mediated by a cysteine protease of sporozoite origin
(23). CSP cleavage is unnecessary for cell traversal, but treatment of sporozoites with the
cysteine protease inhibitor E-64, prior to an in vitro infection of hepatoma cells, completely
inhibits sporozoite invasion of cells. A similar result was demonstrated in vivo when mice were
treated with E-64 prior to a sporozoite inoculation (23). This work demonstrated the
requirement of CSP processing for active sporozoite invasion. The incubation of sporozoites
with soluble heparin also triggered the invasion response, allowing the sporozoites to invade
typically nonpermissive cells such as dermal fibroblasts and endothelial cells as well as Hepa
1–6 cells that had been treated with the sulfation inhibitor chlorate (24). The triggering of CSP
cleavage is associated with signaling events that enable the onset of sporozoite invasion. Such
signaling cascades are typically mediated by protein kinases, and the protein kinase inhibitor
staurosporine inhibits sporozoite invasion (86).

The Plasmodium genome possesses a large number of predicted kinases including a family of
CDPKs (163), and the triggering of calcium-mediated signaling pathways within the sporozoite
are thought to be necessary to induce exocytosis of molecules required for sporozoite invasion
(86). To date, no specific Plasmodium CDPK inhibitors have been discovered, although the
antagonist W-7 inhibits plant CDPKs and KN-93 inhibits structurally similar animal CDPKs.
These inhibitors also decrease sporozoite invasion and CSP processing (24), suggesting a role
for CDPKs in the signaling cascade involved in sporozoite invasion. The transcription level of
a newly described member of the Plasmodium CDPK-family, CDPK-6, was high in P.
falciparum sporozoites (72), and CDPK-6 was subsequently deleted from P. berghei (24). The
cdpk-6– sporozoites showed a marked decrease in invasive capabilities and a severe decrease
in CSP cleavage when compared with wild-type sporozoites. Furthermore, incubation of the
cdpk-6– sporozoites with heparin did not increase their ability to invade Hepa 1–6 cells (24).
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Thus, the sporozoite-specific kinase CDPK-6 is involved in the signaling cascade that occurs
when CSP binds to hepatocyte HSPGs, resulting in region I cleavage, and this cleavage is then
followed by sporozoite invasion of hepatocytes.

The HSPGs in the liver sinusoid are produced by stellate cells within the space of Disse, and
the sinusoidal cell layer also contains Kupffer cells, which are resident liver macrophages. An
elegant study using intravital imaging has shown the movement of fluorescent sporozoites in
the liver (37). Once sporozoites have reached the liver, they glide freely for a number of minutes
along the sinusoidal epithelium, a process that can occur both with and against the flow of
blood. It appears that sporozoites then invade Kupffer cells, traverse them, and cross into the
space of Disse (37). Although SPECT mutants may have a deficiency in Kupffer cell traversal
(52,55), recent evidence indicates that they can traverse endothelia from the avascular space
into the lumen of skin capillaries (6). Therefore, it is possible that sporozoites also exit liver
sinusoids by routes other than via Kupffer cell traversal, perhaps by passing between sinusoidal
epithelial cells. Once inside the liver parenchyma, sporozoites continue to traverse through
several hepatocytes before invasion and formation of a PV.

Because the Kupffer cell is the liver’s main line of defense against foreign bodies, it is
exceedingly surprising that this resident macrophage is unable to eliminate the sporozoite. CSP
is playing a role here too, by preventing the respiratory burst necessary for Kupffer cells to
destroy the hepatocyte-seeking sporozoite. Sporozoites and CSP alone induce the generation
of cyclic AMP (cAMP) by stimulating Kupffer cell adenylyl cyclase, the enzyme necessary
for cAMP production (142). Adenylyl cyclase thus causes an upregulation of cAMP activity,
which then inhibits the assembly of the NADPH oxidase necessary for the generation of
reactive oxygen species—a potent macrophage defense mechanism. Sporozoites induce cAMP
via HSPGs and the low-density lipoprotein receptor-related protein LRP-1, both of which are
expressed by Kupffer cells (142).

Finally, CSP even plays a role in promoting liver stage development. CSP contains PEXEL
(Plasmodium export element)/VTS (vacuolar transport signal) motifs, which are important for
the export of parasite proteins to the host cell. This was elegantly demonstrated by Singh and
colleagues for CSP (122). They showed that there are two functional PEXEL/VTS motifs in
the amino terminus of CSP. This was achieved by fusing the amino terminus of P. berghei
CSP to GFP and demonstrating that the fusion protein could be expressed in the cytoplasm of
infected erythrocytes and that mutation of the critical arginine and lysine residues of both
PEXEL/VTS motifs to alanine prevented GFP expression in the cytoplasm of the erythrocyte.
The deletion of the CSP PEXEL/VTS motif from P. berghei CSP had no effect on sporozoite
maturation, but it did prevent the transport of the mutated CSP into the hepatocyte cytoplasm,
causing a subsequent decrease in liver stage development. What role was CSP playing in the
hepatocyte cytoplasm? On further examination, the authors found that CSP was also present
in the hepatocyte nucleus and that targeting of CSP to the nucleus was due to a functional
bipartite nuclear localization signal (NLS). Deletion of the NLS prevented CSP from entering
the nucleus, and furthermore, the NLS domain of CSP competes with the proinflammatory
transcription factor NF-κB for binding to importin-α3, a protein involved in the import of
molecules into the nucleus. Thus, CSP plays a role in inhibiting the host inflammatory
responses necessary to prevent liver stage development by reducing the translocation of NF-
κB from the cytoplasm to the nucleus (122). CSP truly is a multifunctional protein that plays
a dominant role in sporozoite development, salivary gland infection, sporozoite targeting to
the liver, silencing of Kupffer cells, hepatocyte invasion, and even liver stage growth.
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ESSENTIAL PROTEINS FOR PLASMODIUM HEPATOCYTE INVASION AND
LIVER STAGE DEVELOPMENT

After traversing through a number of hepatocytes, the sporozoite actively invades a final
hepatocyte using its membrane-associated actin-myosin motor. Invasion requires the formation
of a parasite–host cell junction termed the moving junction, and it was originally thought that
the host cell was essentially passive during this process. However, a recent elegant study shows
that host cell F-actin accumulates underneath the stable moving junction and contributes to
sporozoite internalization of the host cell (45). Staining of host cell F-actin during sporozoite
invasion showed the presence of a host actin sheath around the moving junction. Actin
dynamics was shown to be important for sporozoite invasion as jasplakinolide, which
prevented actin filament disassembly and markedly decreased the ability of P. berghei
sporozoites to enter cells (45). A similar result was seen with mycalolide B, a toxin that
irreversibly severs actin filaments and sequesters actin monomers. The authors went on to show
that actin polymerization at the site of the moving junction was an active process involving the
recruitment of the actin-related protein 2/3 complex (Arp 2/3) to the site of the moving junction
and that sequestration of the Arp 2/3 prevented P. berghei sporozoite invasion of HepG2 cells
(45). However, it is currently not known how the parasite utilizes host cell actin for invasion
and the parasite signals that promote this change in the host remain unidentified.

Once the invasive salivary gland sporozoite enters its final hepatocyte with the resulting
formation of a parasitophorous vacuole membrane (PVM), which provides a barrier between
the parasite and its host cell, a number of parasite proteins essential for liver stage development
are expressed. Deletion of the genes coding for these proteins causes arrest of liver stage growth
in knockout parasites, and in vivo studies have shown that these parasites are unable to initiate
a blood stage infection. The control of gene transcription and translation in malaria parasites
has only recently been studied in depth, and transcriptional comparisons made between
infectious salivary gland sporozoites with either oocyst sporozoites or blood stage merozoites
allowed for the isolation of the aforementioned UIS genes (58,79). A number of these UIS
genes are vital only for liver stage development, but not for any other stage of the life cycle.
Gene deletion of P. berghei UIS3 gave rise to parasites that, although able to transform into
early trophozoites, arrested early on in liver stage development—even at 24 h post infection,
uis3– liver stages were far smaller than their wild-type counterparts (89).

Utilizing yeast two-hybrid screening, Mikolajczak et al. (83) showed that UIS3 interacts with
the host cell’s liver fatty acid binding protein (L-FABP). UIS3 is a member of a family of early-
transcribed membrane proteins (ETRAMPs) that traffic to the PVM, and these proteins have
a carboxyl terminus that faces the host cell cytoplasm (125,126). An antibody raised against
the carboxyl terminus of UIS3 was used to show that UIS3 was expressed at the liver stage
PVM, and the carboxyl terminus was also used as bait in the yeast two-hybrid screen that
isolated the L-FABP binding partner (83). L-FABP traffics lipids within hepatocytes and
delivers them to membrane compartments. Decreasing L-FABP expression in hepatoma cells
using siRNA methodologies decreased the growth of liver stage parasites, whereas increasing
its expression increased the growth of liver stage parasites (83). This study was the first to
suggest a host binding partner for a parasite PVM protein, and the soluble portion of the carboxy
terminus of UIS3 has recently been crystallized and is bound to the phospholipid, phosphatidyl
ethanolamine (106). It is tempting to hypothesize that L-FABP delivers lipid to UIS3, which
can then unload this cargo to the developing liver stage, providing it with the lipids it needs
for growth, but this has yet to be shown experimentally.

Two additional host cell factors involved in lipid organization have links to parasite growth.
The first is the tetraspanin cluster of differentiation 81 (CD81), the expression of which is
required on the hepatocyte plasma membrane for P. yoelii sporozoite invasion and subsequent
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PVM formation (116). Antibodies raised against mouse and human CD81 inhibit the in vitro
hepatic development of P. yoelii and P. falciparum, respectively (116). Using a similar
tetraspanin, CD9, to produce CD9/CD81 chimeras, Yalaoui et al. (167) have shown that a 21-
amino-acid stretch of CD81 located in a domain structurally conserved in the large extracellular
loop of all tetraspanins is sufficient in an otherwise CD9 background to confer susceptibility
to in vitro P. yoelii infection. Cholesterol is involved in the assembly of CD81 microdomains
on the cell surface of hepatocytes and is necessary for sporozoite infection (113). Cholesterol
is likely supplied via the host hepatocyte scavenger receptor BI (SR-BI), which mediates the
selective uptake of cholesterol esters from both high- and low-density lipoproteins. Two bodies
of work have recently shown that this second host cell factor, SR-BI, plays a critical role in
Plasmodium hepatocyte infection (103,166). Primary hepatocytes isolated from SR-BI
transgenic mice had an enhanced permissiveness to both P. yoelii and P. berghei sporozoite
infection, whereas hepatocytes isolated from SR-BI−/− mice and hypomorphic- SR-BI mice
(expressing approximately 10% of normal SR-BI levels) were less permissive to infection
(103,166). In addition, there appears to be a strong connection between SR-BI and CD81
(166). SR-BI deficiency caused a decreased expression of CD81 on the cell surface, and
Yalaoui et al. concluded that SR-BI functions to provide the necessary cholesterol for
tetraspanin microdomain assembly (166). Thus, SR-BI appears to have a dual role in liver stage
development: It is required to provide (a) the cholesterol necessary for the correct cell surface
expression of CD81, a necessity of sporozoite invasion, and (b) the lipids needed for parasite
growth.

Continuing with the subject of lipid requirements of developing liver stages, two groups have
demonstrated that a parasite liver stage- specific metabolic pathway involved in de novo lipid
synthesis is essential only for late liver stage development (153,170). Plasmodium parasites
possess an apicoplast, a relict plastid organelle (66). Plant and algal plastids harbor several key
biosynthetic pathways, and a detailed analysis of the proteins of known function that were
targeted to the apicoplast (34) allowed the construction of an apicoplast specific metabolic map
(100). The apicoplast is cyanobacterial in origin, and bacteria-like type II fatty acid synthesis
(FAS II) is present in the plastid (158). FAS II is a de novo pathway by which Plasmodium
can synthesize fatty acids from derivatives of acetate and malonate. The fatty acid chain
extension step of FAS II is catalyzed by four key enzymes, FabB/F, FabG, FabI, and FabZ. An
earlier study identified FabI from P. falciparum and showed that the FabI inhibitor triclosan
kills blood stage parasites (130), suggesting that FAS II is active in blood stages. A recent study
showed that the transcription of FAS II genes was increased in P. yoelii liver stages compared
with blood stages and that FAS II enzymes were present in the liver stage proteome (131).
These results suggested that FAS II might be important for parasite liver infection. Strikingly,
gene knockouts of P. yoelii FabB/F and FabZ, two of the enzymes involved in fatty acid
synthesis, demonstrated that FAS II is critical only for late liver stage development, not for
blood stage or mosquito stage development (153). Analysis of mouse liver sections infected
wit h fabb/f – sporozoites showed normal liver stage development for the first 24 h post
infection, after which the fabb/f – liver stages failed to undergo complete nuclear replication
and merozoite formation, as determined by the lack of cytomere formation and merozoite
surface protein 1 (MSP1) expression (153). Both P. yoelii fabb/f – and fabz– sporozoites failed
to produce a blood stage infection when injected intravenously into mice, suggesting that FAS
II is essential for late liver stage development. The study of P. falciparum FabI showed that
its deletion had no effect on blood stage replication and did not alter the parasite’s sensitivity
to triclosan (170), thereby demonstrating that although triclosan kills parasites, it does not kill
parasites by inhibiting FabI. Gene deletion of P. berghei FabI gave a rise to a phenotype in
late liver stage development similar to that seen for P. yoelii fabb/f – and fabz–, but P. berghei
fabi– sporozoites ultimately gave rise to a blood stage infection (170). This difference might
be explained by the use of P. berghei and C57BL/6 mice, instead of P. yoelii and BALB/c
mice, for analysis of knockout parasites, but it is also possible that the parasite has some means
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to compensate for the loss of FabI but not for FabB/F or FabZ. It will be interesting to see if a
similar liver stage phenotype is seen for P. falciparum fabi– parasites. As well as demonstrating
the first gene deletions that arrest liver stages late in development, these studies draw attention
to the fact that parasite metabolic pathways are not necessarily expressed at every life cycle
stage but are expressed when the needs of the parasite cannot be met by host nutrient
acquisition.

In a manner similar to UIS3, gene deletion of a second PVM protein, UIS4, from P. berghei
gave rise to parasites that were unable to progress through liver stage development (88). An
antibody to UIS4 was utilized to demonstrate that, like UIS3, it is localized to the PVM and
also to vesicular protrusions that extend from the PVM into the hepatocyte cytoplasm (88).
This liver stage tubovesicular network was similar to that seen in the erythrocytic stages (48).
Thus, UIS4 could be involved in the maintenance of the tubovesicular network or, alternatively,
in trafficking molecules to or from the PVM to promote liver stage development. Further study
awaits.

What about sporozoite invasion of hepatocytes with the formation of a PVM? Two parasite
genes, P36 and P52 (53,143), that are arranged in tandem within the Plasmodium genome are
involved in this process. P36 and P52 code for proteins that are members of the 6-cysteine
protein family (132), and P52 has a putative GPI-anchoring domain that allows the attachment
of the protein to the sporozoite plasma membrane. Gene disruptions of either P52 or P36 in
P. berghei gave rise to sporozoites that traversed cells but were defective in the final invasion
of hepatocytes (53,143). In P. yoelii, the simultaneous disruption of both P36 and P52 gave
rise to sporozoites that were unable to form a PVM (68). The result of this dual gene deletion
was that the liver stage of the parasite did not develop and a blood stage infection did not occur,
indicating that P52 and P36 might have cooperative functions. Together, they have a critical
role in a process that leads to PVM formation, but the identification of host cell receptors that
bind P36 and P52 has yet to be accomplished. Most research conducted on liver stage proteins
has been carried out in rodent malaria models, but recent work on P. falciparum has shown
that p52– sporozoites show normal gliding motility, cell traversal, and in vitro invasion of
human hepatocytes compared with wild-type sporozoites (145). However, inside the
hepatocyte, liver stage development was arrested soon after invasion. The simultaneous
disruption of both P36 and P52 resulted in an even more severe defect of liver stage
development in vitro (K.M. VanBuskirk, M. O’Neill, P. De La Vega, A.G. Maier, U. Krzych,
et al., unpublished data). This work shows that disruption of the P52 and P36 genes in P.
falciparum leads to a phenotype similar to that seen in rodent Plasmodium species and thus
paves the way for the generation of P. falciparum genetically attenuated parasite vaccines.
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Figure 1.
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