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Summary :
Apicomplexan parasites of the genera Theileria and Plasmodium
have complicated life cycles including infection of a vertebrate
intermediate host and an arthropod definitive host. As the
Plasmodium parasite progresses through its life cycle, it enters a
number of different cell types, both in its mammalian and mosquito
hosts. The fate of these cells varies greatly, as do the parasite and
host molecules involved in parasite-host interactions. In mammals,
Plasmodium parasites infect hepatocytes and erythrocytes whereas
Theileria infects ruminant leukocytes and erythrocytes. Survival of
Plasmodium-infected hepatocytes and Theileria-infected leukocytes
depends on parasite-mediated inhibition of host cell apoptosis but
only Theileria-infected cells exhibit a fully transformed phenotype.
As the development of both parasites progresses towards the
merozoite stage, the parasites no longer promote the survival of
the host cell and the infected cell is finally destroyed to release
merozoites. In this review we describe similarities and differences
of parasite-host cell interactions in Plasmodium-infected hepatocytes
and Theileria-infected leukocytes and compare the observed
phenotypes to other parasite stages interacting with host cells.
KEY WORDS : Plasmodium, Theileria, apoptosis, signal transduction, host cell
transformation.

P

lasmodium liver stage parasites and Theileria
schizonts are known to have profound effects
on their host cells. Initially, both parasites inhibit
the apoptotic machinery of the cells they infect (Heussler et al., 2002; Sturm et al., 2006). However, before
merozoites are released to infect red blood cells, host
cell death is initiated. In vitro, Plasmodium exoerythrocytic development lasts for only 3-5 days, depending on the Plasmodium species, whereas Theileriainfected leukocytes proliferate for an unlimited time in
vitro during parasite schizogony. Only when merogony
is induced by change in culture conditions or when the
parasite is eliminated, is the transformed state of infected cells reversed and the host cell eventually ruptures
to release merozoites (Swan et al., 2001).
Theileria-induced host cell proliferation results in a
clonal expansion of the parasite population since parasites are equally distributed over both daughter cells
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(Dobbelaere & Rottenberg, 2003). To realize this additional multiplication step, inhibition of host cell apoptosis is not sufficient and Theileria parasites go much
further in their influence on the host cell by inducing
a reversible host cell transformation, which provokes
a leukemia-like phenotype in infected animals. Interestingly, Theileria parasites unlike Plasmodium parasites do not live in a parasitophorous vacuole, probably
reflecting their close association with the internal environment of the host cell. Communication is certainly
simplified by the parasite residing freely in the cytoplasm of the host cell. Although both Plasmodium liver
stage parasites and Theileria schizonts interfere with
signalling pathways of their host cells, the corresponding molecular mechanisms appear to be very different.

THEILERIA

T

heileria-infected leukocytes exhibit all signs of
transformed cells (Fig. 1) and thus infected cells
can easily be cultured in vitro. However, all
these features disappear if the intracellular parasite is
killed by the bupavarquone derivate BW720c (Dobbelaere & Rottenberg, 2003). This drug specifically eliminates the parasite without affecting the host cell.
BW720c-treated Theileria-infected cells stop proliferating, exhibit a resting phenotype and finally die by
apoptosis, even after decades of in vitro culture, indicating that not genetic alteration, but epigenetic modifications (i.e. chromatin and DNA modification) are the
basis of this parasite-induced phenotype. Generally,
transformation of cells is genetically determined and
thus considered as irreversible. Therefore, the entirely
different Theileria-induced reversible transformation
should be classified as “parasite-dependent reversible
host cell transformation”. Although it is still not clear
how the presence of the parasite induces epigenetic
changes, it is well established that the parasite interferes with host cell signalling pathways (Dobbelaere
& Kuenzi, 2004) suggesting that epigenetic alterations
and parasite-dependent signalling are closely connec-
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Fig. 1. – Parasite-induced host cell modifications.
Theileria parasites reside freely in the host
leukocyte and are interacting with host cell
microtubules (HCMT). Theileria infection of
leukocytes cause cell transformation including the depicted features. Plasmodium liver
stage parasites live in a parasitophorous vacuole that is surrounded by a membrane
(PVM). Infected cells are resistent to apoptotic stimuli.

ted. In the following chapters, various aspects of parasite-induced reversible host cell transformation will be
discussed.

THEILERIA-INDUCED

PROLIFERATION

Upon stimulation, lymphocytes have the capacity to
proliferate transiently before most of them die by activation induced cell death (AICD), a special form of
apoptosis. Theileria-infected lymphocytes proliferate
continuously and do not show signs of AICD. Since
parasites are divided over both daughter cells, this proliferation results in vivo in a rapid clonal expansion
of infected lymphocytes. These additional rounds of
replication benefit the parasite and thus proliferation
is one of the most important features of Theileriainfected cells. Proliferation is normally the result of
growth factor receptor activation and the downstream
PI3-kinase/PKB pathway. In all Theileria-infected leukocytes tested so far, a moderate but constitutive activation of the PI3K/PKB pathway was observed and its
drug-mediated inactivation results in a reduced rate of
proliferation of the parasitized cells (Baumgartner et
al., 2000; Heussler et al., 2001). Interestingly, PI3K/PKB
inhibition did not have an effect on the survival of the
infected cells although it has been shown recently that
in Theileria-infected cells, PKB is responsible for inhibiting the pro-apoptotic molecule Bad (Guergnon et
al., 2006). Blocking of PKB activity is not lethal
because Bad can also be inactivated by another kinase
and only inhibition of both kinases results in apoptosis.

INHIBITION

OF HOST CELL APOPTOSIS

If Theileria parasites actively block host cell apoptosis,
drug-mediated elimination of the pathogen should
result in host cell death. The theilericidal drug BW720c
selectively eliminates the parasite within 2-3 days and,
indeed, after five days of treatment, host cell apoptosis is induced. Interestingly, a clear correlation of
apoptosis in BW720c-treated cells and DNA binding
activity of the transcription factor NF-κB was described
(Heussler et al., 1999). The constitutive activation of
212

NF-κB in Theileria-infected cells completely disappears
after five days of treatment. Importantly, specific inhibitors that immediately block activation of NF-κB,
result in direct induction of apoptosis of the infected
cells without affecting the parasite. Therefore, inhibition of host cell apoptosis in Theileria-infected cells
depends, at least partly, on the host cell transcription
factor NF-κB. Although a particular NF-κB-inducing
parasite factor has not yet been identified, the point
at which the parasite interferes with the NF-κB cascade has been well characterised. NF-κB activation
depends on phosphorylation and degradation of its
associated inhibitor IkB. Responsible kinases belong
to the IKK signalosome (IKK α, β, γ) and it has been
shown that this complex becomes activated by accumulation on the parasite surface (Fig. 3B) (Heussler
et al., 2002). It is still not known how the parasite
accumulates IKK signalosomes on its surface, but it
is likely that the host cell cytoskeleton is involved
since Theileria parasites are known to interact closely
with host cell tubulin (Dobbelaere & Rottenberg,
2003). Another question, which remains to be resolved, is whether accumulation is sufficient to activate
the IKK signalosome or whether the parasite secretes
an upstream kinase. An attractive hypothesis is that
the parasite provides a scaffold protein for IKK kinases
at its surface. IKK kinases are then arranged in a
favourable position, resulting in IκB phosphorylation
and NF-κB activation. Upon liberation from IκB, NFκB translocates to the host cell nucleus and activates
expression of several anti-apoptotic proteins (Kuenzi
et al., 2003).
Transformation of cells often involves the expression
of oncogenes and c-myc, one of the best-characterised
oncogenes, was found to contribute to the transformed
phenotype of Theileria-infected cells (Dessauge et al.,
2005a). It has been suggested that the anti-apoptotic
effects of c-myc in Theileria-infected cells, might be
due to the c-myc-dependent expression of the Bcl-2
family member Mcl-1. Expression of c-myc in Theileriainfected lymphocytes depends on the presence of the
parasite and ceases rapidly upon parasite elimination by
BW720c (Dessauge et al., 2005b). The rapid decrease
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of c-myc levels upon BW720c treatment in comparison
to the steady decrease in NF-κB activation over 3-5 days
suggests a more central role of NF-κB in Theileriadependent inhibition of host cell apoptosis.

MEROZOITE

DEVELOPMENT OF

THEILERIA

Merogony of some Theileria strains can be induced by
raising the temperature to 41°C (Shiels et al., 1992).
Upon merozoite development, the host leukocyte gradually looses the transformed phenotype. On a molecular level it has been shown that IKK signalosomes
disappear from the surface of the parasite and, as a
consequence, NF-κB translocation to the host cell nucleus
is blocked (Heussler et al., 2002). It is generally
accepted that the host cell finally ruptures and releases
merozoites but the molecular details of this event are
not known and it might well be that merozoite liberation is a far more complicated process similar to what
has been shown for Plasmodium merozoite release
from hepatocytes (Sturm et al., 2006).

INHIBITION

OF CELL SENESCENCE

When mammalian cells are normally cultured and
serially passaged, it is found that cells cease dividing
after 50 to 100 generations and enter what is called
replicative senescence. In contrast, when Theileriainfected cells are cultured under the same conditions,
they are capable of unlimited replication. It is now
known that the crucial event limiting the life span of
untransformed cells is the progressive erosion of chromosome ends. These ends are normally capped by
repetitive, six base pair sequences called telomere
repeats which, together, are approximately 6-12 kb
long. In germ cells, which must retain their replicative capacity, and in certain stem cells, particularly of
the haematopoietic system, an enzyme called telomerase helps to maintain normal telomere length.
However, telomerase is not expressed in most somatic
cells and the successive replicative cycles lead to the
progressive shortening of telomeres. When a certain
threshold is reached, p53 becomes activated, causing
cell-cycle arrest and the phenomenon of replicative
senescence. It is not surprising that many cancer cells
reactivate telomerase expression or silence the expression of p53. Whether Theileria-infected cells express
telomerase or are deficient in p53 activity has not yet
been investigated. A number of Theileria-transformed
cell lines have been cultured for several decades,
undergoing thousands of cell divisions. The fact that
T cells, once cured of the parasite, can continue to proliferate for up to three months in culture in the presence of IL-2 and potent mitogenic stimulation (Dobbelaere & Rottenberg, 2003), is a strong indication that
telomere length is maintained as long as the parasite
is alive.
Parasite, 2008, 15, 211-218

IN

PLASMODIUM

AND

THEILERIA-INFECTED

CELLS

PARASITE

MOLECULES THAT POTENTIALLY INTERFERE
WITH HOST CELL SIGNALLING PATHWAYS

The fact that Theileria schizonts reside free in the cytoplasm of the host cell offers several possibilities as to
how the parasite could interfere with host cell signalling
cascades. An important prerequisite is that the parasite
molecule is exposed to the host cell cytoplasm, presumably by presence on the parasite surface or by secretion from the parasite. Among the Theileria TashAT
gene family, several members have been identified that
are indeed secreted into the host cell cytoplasm and even
translocate to the host cell nucleus (Shiels et al., 2004;
Swan et al., 1999). TashAT2 and SuAT1 contain AT hook
DNA-binding domains and it is notable that in higher
eukaryotic cells, elevated levels of AT hook proteins are
associated with oncogenic transformation. While expression of TashAT2 might be involved in downregulation
of host cell responses to infection (Oura et al., 2006),
SuAT1 expression is rather associated with the altered
cellular morphology of Theileria-infected cells (Shiels et
al., 2004) compared to resting leukocytes. The rather
minor effects of heterologous expression of single parasite proteins in non-infected cell lines suggested that the
transformed phenotype of infected cells is probably
induced by many parasite factors rather than by a single
dominant transforming parasite protein. Another secreted
Theileria protein is TaSE, which appears to co-localize
partly with host cell microtubules (Schneider et al., 2007).
Theileria parasites are known to closely interact with host
cell microtubules during mitosis, allowing passive distribution into both daughter cells and TaSE might be
involved in connecting the parasite to host cell tubulin.
Heterologous expression and subsequent experiments
localising TaSE in uninfected cells confirmed the association with tubulin. Localisation of TaSE to the spindle
poles and the midbody in Theileria-infected cells and in
transfected cells suggested an interaction of the parasite
protein with important regulators of mitosis like the
Aurora A kinase (Schneider et al., 2007) and it will be a
major challenge for the future to prove this hypothesis.

THEILERIA

STAGES IN THE DEFINITIVE HOST

From the few experiments performed with Theileriainfected ticks, it can be concluded that upon infection,
salivary gland cells undergo a massive hypertrophy and
accumulate glycogen, which may serve as an energy
source for the growing parasite (Blewett & Branagan,
1973; Fawcett et al., 1982). However, since cell hypertrophy in the salivary gland has also been described after
a non-infectious blood meal (Sauer et al., 1995) the role
of the parasite in hypertrophic growth of salivary gland
cells remains to be determined. More recently, cDNA
libraries of T. parva-infected and uninfected salivary
glands have been generated (Nene et al., 2004).
Although no differences in abundantly expressed ESTs
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have been found, considerable variation of less abundant signalling molecules regulating the hypertrophic
growth of salivary gland cells might exist. A detailed analysis of the transcriptome of parasitized salivary glands
using cDNA arrays would certainly shed some light on
which molecules are responsible for the hypertrophic
growth of salivary gland cells during infection.

PLASMODIUM
SPOROZOITE

TRANSMIGRATION

O

n injection by an infected mosquito into a mammalian host, Plasmodium sporozoites travel with
the bloodstream to the liver. Here sporozoites
pass through Kupffer cells to reach hepatocytes (Pradel
& Frevert, 2001). Recently it was shown that sporozoites



inhibit the defence mechanisms of the Kupffer cell that
would normally lead to parasite destruction, by secretion of the sporozoite surface protein CSP (Usynin et al.,
2007). On leaving the Kupffer cell, sporozoites traverse
several hepatocytes (Fig. 2), which activates the parasite to secrete micronemal proteins necessary for invasion of a final hepatocyte (Mota et al., 2002). Activation
of sporozoites is believed to occur by their contact with
the intracellular environment of the hepatocyte and at
least in part appears to be due to their exposure to intracellular concentrations of potassium (Kumar et al., 2007).
To gain entry into a hepatocyte for traversal, sporozoites
puncture the cell membrane using a perforin-like protein, spect2, or pplp1 (Ishino et al., 2005; Kadota et al.,
2004). Sporozoite activation by cell traversal does not,
however, appear to be essential, as genetically modified
spect2-negative parasites, which were unable to traverse hepatocytes, can successfully infect hepatocytes in



Fig. 2. – A generalised Plasmodium life cycle, highlighting host cell responses to traversal and infection by parasites. Cell death is depicted
by 1, and the activation and suppression of host cell death are indicated by → and
respectively. 1) Sporozoites, on injection into
the vertebrate host by the mosquito, travel to the liver. To leave the blood vessel, they pass through Kupffer cells, suppressing the defensive respiratory burst of the traversed cell. 2) Sporozoites transmigrate through hepatocytes, entering and exiting by membrane perforation, but in most cases without causing hepatocyte death. 3) Once activated for invasion, sporozoites enter a final hepatocyte and reside
within a parasitophorous vacuole. Apoptosis of these cells is initially inhibited by binding of the hepatocyte growth factor HGF () released
by traversed cells) to the surface receptor c-MET, Y. 4) As parasite development continues, prevention of host cell apoptosis is directly
mediated by the parasite. 5) At the completion of schizogony, the parasitophorous vacuole breaks down, releasing merozoites into the cytoplasm and the parasite triggers a novel form of host cell death. The result is the budding of merozoite-filled sacs into the liver sinusoid,
which eventually rupture to release merozoites. 6) Merozoites invade red blood cells and undergo repeated cycles of asexual reproduction,
during which host cell death is prevented by the parasite. 7) Some parasites develop into male or female gametocytes and on uptake into
the mosquito during blood feeding, these gametocytes are activated. The released gametes fuse to form a zygote that quickly differentiates
to a motile ookinete. 8) Escaping from the mosquito midgut, ookinetes traverse several epithelial cells and these die by apoptosis as a result.
9) On leaving the final epithelial cell, the ookinete differentiates into an oocyst and here thousands of sporozoites are produced. 10) Sporozoites travel to the salivary glands and here traverse cells to reach the salivary ducts, from where they are injected into a vertebrate host.
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Fig. 3. – A) P. berghei-infected hepatic cell line.
HepG2 cells were infected with P. berghei sporozoites and cultured for 48 hours. Cells were
fixed and stained with anti-Exp1 antiserum,
which stains the PVM and an antiserum that
stains the parasite cytosol. B) T. parva-infected
T cell. Infected cells grown in suspension were
fixed on a slide and stained with an anti-Pim
mAb, which stains the parasite membrane and
an antiserum that labels host cell signalosomes
localized on the surface of the parasite.

Kupffer cell-depleted mice. Although parasite transmigration seriously damages the target hepatocytes, most
traversed cells survive (Mota et al., 2001) and can then
present CSP secreted by traversing sporozoites via MHC
class I molecules (Bongfen et al., 2007). Studies have
shown that on exposure to sub-lytic concentrations of
perforin, cells are able to re-seal their plasma membranes
by the fusion of internal vesicular compartments to the
damaged membrane, a process triggered by influx of
Ca2+ ions upon membrane damage (Keefe et al., 2005).
It is likely that traversed hepatocytes employ such a
method of membrane repair following sporozoite entry
and exit.

PARASITE

DEVELOPMENT WITHIN HEPATOCYTES
AND INHIBITION OF APOPTOSIS

On hepatocyte invasion and during subsequent schizont development within the parasitophorous vacuole
(Fig. 3A), the parasite requires the host cell to stay alive
and therefore host cell death must be prevented. Additionally to the role in sporozoite activation, traversed
hepatocytes also are involved in inhibiting apoptosis
of finally infected cells. Hepatocytes wounded by sporozoite traversal release hepatocyte growth factor (Carrolo et al., 2003), which activates the c-MET receptor
on the surface of infected hepatocytes, leading to an
inhibition of host cell apoptosis via a PI3 kinase-dependent pathway (Leiriao et al., 2005a). The HGF-dependent block of hepatocyte apoptosis during and immediately following sporozoite invasion is thought to be
short-lived and resistance to apoptosis then becomes
HGF and PI3 kinase-independent (van de Sand et al.,
2005). The parasite itself then appears to be directly
responsible for inhibition of apoptosis, as although
hepatocytes infected with irradiated sporozoites are initially resistant to apoptosis, upon drug-mediated elimination of these parasites, host cells apoptose (Leiriao et al., 2005b). The molecular mechanism of how
Plasmodium parasites interfere directly with the apoptotic machinery of the host cell remains to be elucidated but it is likely that the parasite secretes molecules into the host cell cytoplasm to regulate cell
survival. Bano et al (2007) have observed that the parasite appears to interact with the host cell endoplasmic
Parasite, 2008, 15, 211-218

reticulum but the significance of this interaction for
regulating host cell survival and the parasite and host
molecules involved are not yet known.
Inhibition of apoptosis as a response to Plasmodium
infection is also seen in erythrocytes containing P. berghei parasites. Here infected cells show a resistance to
factors that would normally stimulate erythrocyte apoptosis, or eryptosis (Sobolewski et al., 2005). Again the
mechanisms of this inhibition are not yet known.

MEROZOITE

DEVELOPMENT AND HOST CELL DEATH

At late liver stages, upon completion of schizogony, a
novel form of host cell death is triggered, that displays
some hallmarks of apoptosis, but also marked differences, such as the failure of the infected hepatocyte to
activate caspases and to display phosphatidylserine (PS)
on its surface of the host cell (Sturm et al., 2006; Sturm
& Heussler, 2007). After the parasitophorous vacuole
membrane (PVM) is broken down, merozoites are
released into the host cell cytoplasm (Meis et al., 1985).
Subsequently, merozoite-filled vesicles (merosomes) bud
from the dying host cell and are released into the liver
sinusoids, ensuring the safe passage of parasites into the
blood stream (Sturm et al., 2006). PVM destruction, host
cell death and merosome formation are initiated by yet
unknown cysteine proteases. Although the proteolytic
activity results in mitochondria damage and Ca2+ release,
Ca2+-dependent activation of host cell scramblase and
subsequent switch of PS residues to the outer leaflet of
the host cell membrane does not occur. It has been
shown that intracellular merozoites accumulate Ca2+
from the host cell cytoplasm and thus inhibit scramblase
activation and PS switch. This way the parasite prevents
the attack of macrophages, which would recognize and
phagocytose PS-positive dying cells.

SEARCHING FOR PARASITE MOLECULES
WHICH INTERFERE WITH HOST SIGNALLING PATHWAYS
The Plasmodium parasite within the red blood cell is
known to secrete proteins into the host cell cytoplasm
and onto the host cell plasma membrane. These proteins
have a profound effect on the morphology of the red
blood cell and assist in parasite survival. A signal motif
(commonly known as the PEXEL – Plasmodium export

Xth EMOP, August 2008

215

HEUSSLER V.T. & STANWAY R.R.

element – motif) has been found in many proteins
secreted from the P. falciparum parasite into the host
erythrocyte (Hiller et al., 2004; Marti et al., 2005) and this
has allowed a secretome to be predicted for intra-erythrocytic Plasmodium parasites. Whether this secretome
is also operating in liver stage parasites to deliver proteins that interfere with pathways leading to apoptosis,
is an important goal for future research. Thus far, the
only parasite protein identified as having a role in host
cell manipulation during the liver stage is CSP, which
has been shown to transiently block mRNA translation
in infected and non-infected hepatocytes (Frevert et al.,
1998).

PLASMODIUM

STAGES IN THE DEFINITIVE HOST

Contrasting to the primarily intracellular nature of the
Plasmodium parasite within the mammalian host, within
the mosquito the parasite is predominantly extracellular. Thus it does not need to manipulate host cell
survival for the purpose of intracellular development.
The parasite must, however, pass through mosquito
cells, to escape from the mosquito midgut and later to
enter the salivary ducts (Fig. 2). In exiting the midgut,
the ookinete traverses a number of midgut epithelial
cells before reaching the basal lamina and rounding
up to become an oocyst (Zieler & Dvorak, 2000). The
process of cell transmigration is similar to that displayed
by sporozoites in traversing hepatocytes, again requiring the action of perforin-like proteins (Ecker et al.,
2007; Ishino et al., 2005; Kadota et al., 2004). In both
processes, a prerequisite of parasite transmigration is
secretion of the parasite protein CelTOS into the cytoplasm of the traversed cell (Kariu et al., 2006). Epithelial
cells traversed by ookinetes invariably die by apoptosis
and are extruded into the mosquito midgut (Han et al.,
2000). It may be that the damage caused by entry of
the ookinete, a much broader cell than the sporozoite,
cannot be overcome by membrane repair, leading to
cell death by apoptosis. Why ookinetes induce this
slow form of cell death in epithelial cells and not a
rapid death by necrosis is not clear, but it might be
fatal for the mosquito if transmigration of hundreds of
ookinetes results in rapid death of thousands of midgut
epithelial cells resulting in a perforation of the midgut.
However, as with sporozoites, ookinete traversal is not
essential for further development of the parasite as
ookinetes injected into the mosquito haemocoel are able
to continue with normal sporogonic development.

CONCLUDING REMARKS

A

lthough the phenotypes of Theileria-infected
leukocytes and Plasmodium-infected hepatocytes have been reasonably well characterized,
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the parasite-derived molecules triggering inhibition of
apoptosis in both cases and cell transformation in case
of Theileria infection, have still not been clearly defined. Sequencing of the genomes of several Plasmodium and Theileria species (Carlton et al., 2002;
Gardner et al., 2002; Pain et al., 2005) will certainly help
to identify putatively secreted parasite proteins that are
highly interesting candidates for further analysis, but
it should also be considered that the parasite has other
possible methods of affecting signalling in the host cell.
Ca2+ accumulation by Plasmodium merozoites and inhibition of PS exposure is a good example in this respect (Sturm & Heussler, 2007). The most important goal
in the future will be to use all the accumulated bioinformatic information and characterize the function of
the identified parasite molecules in detail. Clearly, a lot
of bench work is needed to complete the picture of
parasite-dependent signalling in Theileria-infected leukocytes and Plasmodium-infected hepatocytes and it
is safe to predict that we can expect exciting discoveries in these fields in the next few years.

REFERENCES
BANO N., ROMANO J.D., JAYABALASINGHAM B. & COPPENS I. Cellular interactions of Plasmodium liver stage with its host
mammalian cell. Int. J. Parasitol., 2007, 37, 1329-1341.
BAUMGARTNER M., CHAUSSEPIED M., MOREAU M.F., WERLING D.,
DAVIS W.C., GARCIA A. & LANGSLEY G. Constitutive PI3-K
activity is essential for proliferation, but not survival, of Theileria parva-transformed B cells. Cell. Microbiol., 2000, 2,
329-339.
BLEWETT D.A. & BRANAGAN D. The demonstration of Theileria
parva infection in intact Rhipicephalus appendiculatus
salivary glands. Tropical Animal Health Production, 1973,
5, 27-34.
BONGFEN S.E., TORGLER R., ROMERO J.F., RENIA L. & CORRADIN G.
Plasmodium berghei-infected primary hepatocytes process and present the circumsporozoite protein to specific
CD8+ T cells in vitro. J. Immunol., 2007, 178, 7054-7063.
CARLTON J.M., ANGIUOLI S.V., SUH B.B., KOOIJ T.W., PERTEA M.,
SILVA J.C., ERMOLAEVA M.D., ALLEN J.E., SELENGUT J.D., KOO
H.L., PETERSON J.D., POP M., KOSACK D.S., SHUMWAY M.F.,
BIDWELL S.L., SHALLOM S.J., VAN AKEN S.E., RIEDMULLER S.B.,
FELDBLYUM T.V., CHO J.K., QUACKENBUSH, J., SEDEGAH M.,
SHOAIBI A., CUMMINGS L.M., FLORENS L., YATES J.R., RAINE J.D.,
SINDEN R.E., HARRIS M.A., CUNNINGHAM D.A., PREISER P.R.,
BERGMAN L.W., VAIDYA A.B., VAN LIN L.H., JANSE C.J., WATERS
A.P., SMITH H.O., WHITE O.R., SALZBERG S.L., VENTER J.C.,
FRASER C.M., HOFFMAN S.L., GARDNER M.J. & CARUCCI D.J.
Genome sequence and comparative analysis of the model
rodent malaria parasite Plasmodium yoelii yoelii. Nature,
2002, 419, 512-519.
CARROLO M., GIORDANO S., CABRITA-SANTOS L., CORSO S., VIGARIO
A.M., SILVA S., LEIRIAO P., CARAPAU D., ARMAS-PORTELA R.,
COMOGLIO P.M., RODRIGUEZ A. & MOTA M.M. Hepatocyte

Xth EMOP, August 2008

Parasite, 2008, 15, 211-218

SIGNALLING

growth factor and its receptor are required for malaria
infection. Nat. Med., 2003, 9, 1363-1369.
DESSAUGE F., HILALY S., BAUMGARTNER M., BLUMEN B., WERLING D.
& LANGSLEY G. c-Myc activation by Theileria parasites promotes survival of infected B-lymphocytes. Oncogene, 2005a,
24, 1075-1083.
DESSAUGE F., LIZUNDIA R., BAUMGARTNER M., CHAUSSEPIED M. &
LANGSLEY G. Taking the Myc is bad for Theileria. Trends
Parasitol., 2005b, 21, 377-385.
DOBBELAERE D.A. & ROTTENBERG S. Theileria-induced leukocyte transformation. Curr. Opin. Microbiol., 2003, 6, 377-382.
DOBBELAERE D.A. & KUENZI P. The strategies of the Theileria
parasite: a new twist in host-pathogen interactions. Curr.
Opin. Immunol., 2004, 16, 524-530.
ECKER A., PINTO S.B., BAKER K.W., KAFATOS F.C. & SINDEN R.E.
Plasmodium berghei: plasmodium perforin-like protein 5
is required for mosquito midgut invasion in Anopheles stephensi. Exp. Parasitol., 2007, 116, 504-508.
FAWCETT D.W., BUSCHER G. & DOXSEY S. Salivary gland of the
tick vector of East Coast fever. III. The ultrastructure of sporogony in Theileria parva. Tissue Cell, 1982, 14, 183-206.
FREVERT U., GALINSKI M.R., HUGEL F.U., ALLON N., SCHREIER H.,
SMULEVITCH S., SHAKIBAEI M. & CLAVIJO P. Malaria circumsporozoite protein inhibits protein synthesis in mammalian cells. Embo J., 1998, 17, 3816-3826.
GARDNER M.J., HALL N., FUNG E., WHITE O., BERRIMAN M., HYMAN
R.W., CARLTON J.M., PAIN A., NELSON K.E., BOWMAN S.,
PAULSEN I.T., JAMES K., EISEN J.A., RUTHERFORD K., SALZBERG
S.L., CRAIG A., KYES S., CHAN M.S., NENE V., SHALLOM S.J.,
SUH B., PETERSON J., ANGIUOLI S., PERTEA M., ALLEN J., SELENGUT J., HAFT D., MATHER M.W., VAIDYA A.B., MARTIN D.M.,
FAIRLAMB A.H., FRAUNHOLZ M.J., ROOS D.S., RALPH S.A.,
MCFADDEN G.I., CUMMINGS L.M., SUBRAMANIAN G.M., MUNGALL C., VENTER J.C., CARUCCI D.J., HOFFMAN S.L., NEWBOLD C., DAVIS R.W., FRASER C.M. & BARRELL B. Genome
sequence of the human malaria parasite Plasmodium falciparum. Nature, 2002, 419, 498-511.
GUERGNON J., DESSAUGE F., TRAINCARD F., CAYLA X., REBOLLO A.,
BOST P.E., LANGSLEY G. & GARCIA A. A PKA survival pathway
inhibited by DPT-PKI, a new specific cell permeable PKA
inhibitor, is induced by T. annulata in parasitized B-lymphocytes. Apoptosis, 2006, 11, 1263-1273.
HAN Y.S., THOMPSON J., KAFATOS F.C. & BARILLAS-MURY C. Molecular interactions between Anopheles stephensi midgut
cells and Plasmodium berghei: the time bomb theory of
ookinete invasion of mosquitoes. Embo J., 2000, 19, 60306040.
HEUSSLER V.T., MACHADO J. JR., FERNANDEZ P.C., BOTTERON C.,
CHEN C.G., PEARSE M.J. & DOBBELAERE D.A. The intracellular
parasite Theileria parva protects infected T cells from apoptosis. Proc. Natl. Acad. Sci. USA, 1999, 96, 7312-7317.
HEUSSLER V.T., KUENZI P., FRAGA F., SCHWAB R.A., HEMMINGS B.A.
& DOBBELAERE D.A. The Akt/PKB pathway is constitutively
activated in Theileria-transformed leucocytes, but does not
directly control constitutive NF-kappaB activation. Cell.
Microbiol., 2001, 3, 537-550.
HEUSSLER V.T., ROTTENBERG S., SCHWAB R., KUENZI P., FERNANDEZ P.C., MCKELLAR S., SHIELS B., CHEN Z.J., ORTH K., WALParasite, 2008, 15, 211-218

IN

PLASMODIUM

AND

THEILERIA-INFECTED

CELLS

D. & DOBBELAERE D.A. Hijacking of host cell IKK
signalosomes by the transforming parasite Theileria. Science,
2002, 298, 1033-1036.

LACH

HILLER N.L., BHATTACHARJEE S., VAN OOIJ C., LIOLIOS K., HARRISON T., LOPEZ-ESTRANO C. & HALDAR K. A host-targeting
signal in virulence proteins reveals a secretome in malarial infection. Science, 2004, 306, 1934-1937.
ISHINO T., CHINZEI Y. & YUDA M. A Plasmodium sporozoite
protein with a membrane attack complex domain is required for breaching the liver sinusoidal cell layer prior to
hepatocyte infection. Cell. Microbiol., 2005, 7, 199-208.
KADOTA K., ISHINO T., MATSUYAMA T., CHINZEI Y. & YUDA M.
Essential role of membrane-attack protein in malarial transmission to mosquito host. Proc. Natl. Acad. Sci. USA, 2004,
101, 16310-16315.
KARIU T., ISHINO T., YANO K., CHINZEI Y. & YUDA M. CelTOS,
a novel malarial protein that mediates transmission to mosquito and vertebrate hosts. Mol. Microbiol., 2006, 59, 13691379.
KEEFE D., SHI L., FESKE S., MASSOL R., NAVARRO F., KIRCHHAUSEN T.
& LIEBERMAN J. Perforin triggers a plasma membrane-repair
response that facilitates CTL induction of apoptosis. Immunity, 2005, 23, 249-262.
KUENZI P., SCHNEIDER P. & DOBBELAERE D.A. Theileria parvatransformed T cells show enhanced resistance to Fas/Fas
ligand-induced apoptosis. J. Immunol., 2003, 171, 12241231.
KUMAR K.A., GARCIA C.R., CHANDRAN V.R., VAN ROOIJEN N.,
ZHOU Y., WINZELER, E. & NUSSENZWEIG V. Exposure of Plasmodium sporozoites to the intracellular concentration of
potassium enhances infectivity and reduces cell passage
activity. Mol. Biochem. Parasitol., 2007, 156, 32-40.
LEIRIAO P., ALBUQUERQUE S.S., CORSO S., VAN GEMERT G.J.,
SAUERWEIN R.W., RODRIGUEZ A., GIORDANO S. & MOTA M.M.
HGF/MET signalling protects Plasmodium-infected host
cells from apoptosis. Cell. Microbiol., 2005a, 7, 603-609.
LEIRIAO P., MOTA M.M. & RODRIGUEZ A. Apoptotic Plasmodiuminfected hepatocytes provide antigens to liver dendritic
cells. J. Infect. Dis., 2005b, 191, 1576-1581.
MARTI M., BAUM J., RUG M., TILLE, L. & COWMAN A.F. Signalmediated export of proteins from the malaria parasite to
the host erythrocyte. J. Cell. Biol., 2005, 171, 587-592.
MEIS J.F., VERHAVE J.P., JAP P.H. & MEUWISSEN J.H. Fine structure of exoerythrocytic merozoite formation of Plasmodium berghei in rat liver. J. Protozool., 1985, 32, 694-699.
MOTA M.M., PRADEL G., VANDERBERG J.P., HAFALLA J.C., FREVERT U.,
NUSSENZWEIG R.S., NUSSENZWEIG V. & RODRIGUEZ A. Migration of Plasmodium sporozoites through cells before infection. Science, 2001, 291, 141-144.
MOTA M.M., HAFALLA J.C. & RODRIGUEZ A. Migration through
host cells activates Plasmodium sporozoites for infection.
Nat. Med., 2002, 8, 1318-1322.
NENE V., LEE D., KANG’A S., SKILTON R., SHAH T., DE VILLIERS E.,
MWAURA S., TAYLOR D., QUACKENBUSH J. & BISHOP R. Genes
transcribed in the salivary glands of female Rhipicephalus
appendiculatus ticks infected with Theileria parva. Insect.
Biochem. Mol. Biol., 2004, 34, 1117-1128.

Xth EMOP, August 2008

217

HEUSSLER V.T. & STANWAY R.R.

OURA C.A., MCKELLAR S., SWAN D.G., OKAN E. & SHIELS B.R.
Infection of bovine cells by the protozoan parasite Theileria annulata modulates expression of the ISGylation
system. Cell. Microbiol., 2006, 8, 276-288.
PAIN A., RENAULD H., BERRIMAN M., MURPHY L., YEATS C.A., WEIR W.,
KERHORNOU A., ASLETT M., BISHOP R., BOUCHIER C., COCHET M.,
COULSON R.M., CRONIN A., DE VILLIERS E.P., FRASER A., FOSKER N., GARDNER M., GOBLE A., GRIFFITHS-JONES S., HARRIS
D.E., KATZER F., LARKE N., LORD A., MASER P., MCKELLAR S.,
MOONEY P., MORTON F., NENE V., O’NEIL S., PRICE C., QUAIL
M.A., RABBINOWITSCH E., RAWLINGS N.D., RUTTER S., SAUNDERS D.,
SEEGER K., SHAH T., SQUARES R., SQUARES S., TIVEY A., WALKER
A.R., WOODWARD J., DOBBELAERE D.A., LANGSLEY G., RAJANDREAM M.A., MCKEEVER D., SHIELS B., TAIT A., BARRELL B. &
HALL N. Genome of the host-cell transforming parasite Theileria annulata compared with T. parva. Science, 2005,
309, 131-133.

USYNIN I., KLOTZ C. & FREVERT U. Malaria circumsporozoite protein inhibits the respiratory burst in Kupffer cells. Cell.
Microbiol., 2007, 9, 2610-2628.
SAND C., HORSTMANN S., SCHMIDT A., STURM A., BOLTE S.,
KRUEGER A., LUTGEHETMANN M., POLLOK J.M., LIBERT C. &
HEUSSLER V.T. The liver stage of Plasmodium berghei inhibits host cell apoptosis. Mol. Microbiol., 2005, 58, 731-742.

VAN DE

ZIELER H. & DVORAK J.A. Invasion in vitro of mosquito midgut
cells by the malaria parasite proceeds by a conserved
mechanism and results in death of the invaded midgut
cells. Proc. Natl. Acad. Sci. USA, 2000, 97, 11516-11521.

PRADEL G.& FREVERT U. Malaria sporozoites actively enter and
pass through rat Kupffer cells prior to hepatocyte invasion. Hepatology, 2001, 33, 1154-1165.
SAUER J.R., MCSWAIN J.L., BOWMAN A.S. & ESSENBERG R.C. Tick
salivary gland physiology. Annu. Rev. Entomol., 1995, 40,
245-267.
SCHNEIDER I., HALLER D., KULLMANN B., BEYER D., AHMED J.S. &
SEITZER U. Identification, molecular characterization and subcellular localization of a Theileria annulata parasite protein secreted into the host cell cytoplasm. Parasitol. Res.,
2007, 101, 1471-1482.
SHIELS B., KINNAIRD J., MCKELLAR S., DICKSON J., MILED L.B., MELROSE R., BROWN D. & TAIT A. Disruption of synchrony between parasite growth and host cell division is a determinant
of differenciation to the merozoite in Theileria annulata.
J. Cell. Sci., 1992, 101 (Pt 1), 99-107.
SHIELS B.R., MCKELLAR S., KATZER F., LYONS K., KINNAIRD J.,
WARD C., WASTLING J.M. & SWAN D. A Theileria annulata
DNA binding protein localized to the host cell nucleus
alters the phenotype of a bovine macrophage cell line.
Eukaryot. Cell, 2004, 3, 495-505.
SOBOLEWSKI P., GRAMAGLIA I., FRANGOS J.A., INTAGLIETTA M. &
VAN DER HEYDE H. Plasmodium berghei resists killing by
reactive oxygen species. Infect. Immun., 2005, 73, 67046710.
STURM A., AMINO R., VAN DE SAND C., REGEN T., RETZLAFF S.,
RENNENBERG A., KRUEGER A., POLLOK J.M., MENARD R. & HEUSSLER V.T. Manipulation of host hepatocytes by the malaria
parasite for delivery into liver sinusoids. Science, 2006, 313,
1287-1290.
STURM A. & HEUSSLER V. Live and let die: manipulation of host
hepatocytes by exoerythrocytic Plasmodium parasites.
Med. Microbiol. Immunol., 2007, 196, 127-133.
SWAN D.G., PHILLIPS K., TAIT A. & SHIELS B.R. Evidence for localisation of a Theileria parasite AT hook DNA-binding protein to the nucleus of immortalised bovine host cells. Mol.
Biochem. Parasitol., 1999, 101, 117-129.
SWAN D.G., PHILLIPS K., MCKELLAR S., HAMILTON C. & SHIELS B.R.
Temporal co-ordination of macroschizont and merozoite
gene expression during stage differentiation of Theileria
annulata. Mol. Biochem. Parasitol., 2001, 113, 233-239.
218

Xth EMOP, August 2008

Parasite, 2008, 15, 211-218

