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Abstract The generation of rodent Plasmodium strains
expressing Xuorescent proteins in all life cycle stages has
had a big impact on malaria research. With this tool in
hand, for the Wrst time it was possible to follow in real time
by in vivo microscopy the infection route of Plasmodium
sporozoites transmitted to the mammalian host by Anophe-
les mosquitoes. Recently, this work has been extended to
the analysis of both hepatocyte infection by Plasmodium
sporozoites, as well as liver merozoite transport into blood
vessels. The stunning results of these studies have consider-
ably changed our understanding of hepatocyte invasion and
parasite liberation. Here, we describe the most important
Wndings of the last years and in addition, we elaborate on
the molecular events during the intracellular development
of Plasmodium exoerythrocytic forms that give rise to
erythrocyte infecting merozoites.
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Malaria: Introduction

After more than a 100 years of research [1] malaria remains
one of the deadliest infectious diseases in the world.
Malaria is caused by apicomplexan parasites of the genus
Plasmodium. P. falciparum is responsible for the most
damaging form of the disease, infecting between 300 and

500 million people each year and killing about 1–2 million
children under the age of Wve in sub-Saharan Africa. Forty
percent of the world population live in endemic areas and
malaria-infested countries suVer from enormous economic
losses [2].

The Plasmodium life cycle starts with a blood meal of an
infected Anopheles mosquito and the coincident injection
of sporozoites into human skin. After breaching blood ves-
sels of the skin [3] sporozoites are transported by the blood-
stream to the liver. There, the parasite infects liver
parenchyma cells (hepatocytes) and diVerentiates into thou-
sands of merozoites. To access the bloodstream, liver-
derived merozoites must leave their host cell and cross the
endothelium of liver blood vessels. Within red blood cells
(RBCs) each parasite replicates, depending on the Plasmo-
dium species, into 16 or 32 merozoites, which then get
released to directly infect other RBCs. These cycles of
infection and release induce strong inXammatory immune
responses resulting in the typical periodic attacks of fever.
Some parasites eventually develop into gametocytes, which
can be transmitted to uninfected Anopheles mosquitoes dur-
ing a blood meal. ExXagellated motile microgamets and
macrogamets fertilize inside the mosquito gut and migrate
as kinetes through the gut wall to develop into oocysts,
which Wnally release several thousands of sporozoites into
the haemolymph of the insect. Within the haemolymph
sporozoites circulate throughout the entire body of the mos-
quito and eventually reach and invade the salivary glands to
develop into mature infectious sporozoites [4].

The Plasmodium liver stage

Plasmodium-infected hepatocytes are ideal targets for the
development of anti-malarial measures, as liver infection is
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still clinically silent. In addition, Plasmodium parasites
remain for several days in hepatocytes that should allow
enough time for the immune system of a vaccinated individ-
ual to eliminate the infection at this early stage. Research
performed in humans and mice has shown that irradiated or
genetically attenuated sporozoites are able to confer protec-
tion against challenge with wild type parasites [5–8]. In
spite of this knowledge and the recent eVort to mass-produce
irradiated sporozoites for vaccination trials [9, 10], a com-
mercial vaccine against malaria is still not available. It is
therefore of decisive importance to gain more detailed
knowledge about the observed protective immune responses
and the parasite survival strategies within hepatocytes.

The P. falciparum liver stage still remains a black box
[11], because in vitro infection of human hepatocytes [12,
13] and in vivo experiments using primates or humanized
mice [14] rely on P. falciparum-infected Anopheles mos-
quitoes and all aspects are diYcult to perform, since they
need to be carried out under high (S3) safety laboratory
conditions. Therefore, mouse models using P. berghei and
P. yoelii infections have successfully been introduced and
the generation of Xuorescent rodent parasite strains has
opened new avenues to investigate migration and develop-
ment in the mammalian host [15, 16]. In vitro live imaging
of infected cell cultures (Fig. 1) and intravital imaging of
surgically exposed livers of infected mice (Fig. 2) allowed
us to investigate intracellular development of the parasite
and to follow its journey from the skin into the liver and
back to the blood stream [3, 17–19].

During the blood meal of an infected mosquito Plasmo-
dium sporozoites are injected into the skin. Recent studies
using GFP expressing P. berghei parasites have shown that
only 50% of the sporozoites in the skin actually leave the
bite area [3]. Seventy percent of these parasites actively
enter blood vessels, whereas the residual 30% penetrate
lymphatic vessels and end up in the draining lymph node.
Although these parasites do not develop to mature EEF,
their presence in the lymph node might substantially inXu-
ence the immune response against subsequent hepatocyte
infections. Whether this dead-end path of sporozoites in the
draining lymph node indeed activates relevant cell-medi-
ated immune responses remains to be shown, but it is rea-
sonable to speculate that primed eVector cells leave the
draining lymph node and eventually reach the liver.

Sporozoites that drift with the blood stream to the liver
abruptly slow down once they enter the liver sinusoids [18].
This is probably due to binding of the major surface pro-
teins circumsporozoite protein (CSP) and thrombospondin-
related adhesive protein (TRAP) to the liver sinusoid-spe-
ciWc heparansulfate proteoglycans. Originally, these mole-
cules are exposed on hepatocytes and stellate cells and
reach the sinusoids through the so-called fenestrae, 100 nm
holes in endothelial cells [20, 21]. Parasites glide along the
sinusoidal wall [22] and Wnally cross this barrier by travers-
ing KupVer cells [23, 24], which are the resident macro-
phages of the liver. It is still not known why KupVer cells
do not recognize and remove traversing sporozoites by
phagocytosis. After the KupVer cell passage, sporozoites

Fig. 1 In vitro live imaging of 
GFP-expressing P. berghei-in-
fected HepG2 cells (merger of 
IFA and phase contrast image). 
DiVerent developmental stages 
of liver stage parasites: schizont 
stage, cytomere stage and de-
tached infected cell with a bud-
ding merosome (arrow)

Fig. 2 Intravital microscopy of 
a P. berghei-infected mouse liv-
er. A mouse was infected with 
GFP-expressing parasites and 
45 h later the liver was surgi-
cally exposed for microscopical 
examination. The series of imag-
es show the same infected cell in 
three diVerent phases of mero-
some formation (arrows) over a 
period of ca. 1 h
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migrate through the space of Disse from where they have
direct access to hepatocytes. Mota and colleagues [24] have
shown that sporozoites transmigrate through several
hepatocytes before they infect a Wnal one and start to
develop to liver schizonts within a parasitophorous vacuole
membrane (PVM). The migration of sporozoites through
hepatocytes results in wounding of the cell membrane,
which in turn leads to the release of hepatocyte growth fac-
tor (HGF). Locally increased levels of HGF are thought to
support survival of neighbouring infected hepatocytes via
HGF/MET signalling and activation of the corresponding
anti-apoptotic PI3 kinase pathway of the host cell [25].
During the following schizogony the parasite grows consid-
erably in size and infected hepatocytes can be several times
bigger than non-infected ones. Although this enormous
growth is certainly an important stress factor for the host
cell and stress normally induces apoptosis, infected cells
surprisingly do not exhibit signs of cell death. On the con-
trary, Plasmodium liver schizonts even protect their host
cells from programmed cell death [26]. However, this para-
site-mediated anti-apoptotic eVect diVers markedly from
the above-mentioned HGF/MET-dependent signalling dur-
ing the infection process in that it does not depend on PI3
kinase signalling.

So far it is not known to what extent the anti-apoptotic
phenotype of infected cells represents an advantage con-
cerning elimination by primed cytotoxic T cells. These
killer cells can induce apoptosis in target cells by a death
receptor mediated pathway and the granzyme-perforin path-
way. A solid protection from cytotoxic eVects would sup-
port survival of the intracellular parasite and it has indeed
been suggested that CD8+ cell-mediated immune responses
are restricted to IFN-� secreting cells, which are thought to
inhibit intracellular parasite growth by NO formation, rather
than inducing apoptosis of infected cells [27].

By the end of the liver stage several 1000 of merozoites
have been formed that must Wrst leave the PVM and then
the host cell membrane, before they pass the space of Disse
and penetrate endothelial cells to enter blood vessels and
Wnally infect red blood cells. For many years it has been
assumed that merozoites would be liberated by rupture of
the host cell membrane, but this does not explain how the
merozoites cross the extracellular matrix-Wlled space and
the endothelium of the blood vessels. First indications that
the process is more complex came from Meis and Verhave
[28] who analysed in detail P. berghei-infected rat liver
sections. They brieXy mentioned the occurrence of merozo-
ite-Wlled structures within sinusoids, but this observation
was ignored for many years partly because at the time it
was not clear why these structures are formed and whether
they are the result of a physiological process. Our own
studies conWrmed the regular occurrence of merozoite-
Wlled vesicles (merosomes), which are extruded into liver

sinusoids (Fig. 2). We could show that merosome forma-
tion is indeed part of a physiological process that occurs
during merozoite formation of the Plasmodium parasite.
The cell membrane of merosomes is of host cell origin,
which masks them from attack by the numerous phagocytic
KupVer cells in sinusoids. This guarantees a safe journey
for merozoites from infected hepatocytes into the blood
vessel. In vitro analysis of P. berghei-infected hepatoma
cells showed that merosome formation is preceded by para-
site-dependent host cell death that appears to be a prerequi-
site for merozoite liberation.

Die another way: parasite-mediated host cell death

As long as P. berghei schizonts develop within the PVM,
the host cell does not exhibit any signs of cell death. As
mentioned above, during schizogony the parasite even
blocks the apoptotic machinery of its host cell [26]. Only in
the very late phase of the hepatic stage, when schizonts
diVerentiate into thousands of merozoites, can the Wrst signs
of host cell death be detected [19]. Upon PVM destruction
the host cell detaches and looses contact with neighbouring
cells. Hollingdale et al. [29] already described the in vitro
formation of merozoite-Wlled vesicles, but the molecular
details of the process were only identiWed much later [19].
Once merozoites mix freely with the host cell cytoplasm, a
protease-dependent destruction of host cell organelles can
be observed. All this could be induced theoretically simply
by removing the parasite-dependent block of host cell
apoptosis, but the mechanism appears far more compli-
cated. Caspases, as central executers of apoptosis, were
found to be only weakly activated in Xoating infected cells
and speciWc caspase inhibitors had no eVect on PVM
destruction, detachment of infected cells, and formation of
merosomes. However, the more general cysteine protease
inhibitor E64 blocked PVM destruction (Fig. 3) and all sub-
sequent events. So far it is not known whether the corre-
sponding proteases are of parasite or host cell origin, but
there are arguments for both possibilities, as described
below.

Cathepsins and autophagy

Apart from caspases, there are other cysteine proteases
known to induce programmed cell death in mammalian
cells (for a review see [30]). Cathepsins are normally
located within lysosomes, but eventually they can be
found in the cell cytoplasm, where they mediate cyto-
chrome c release from mitochondria [31]. Damage of
mitochondria and cytochrome c release is also a feature of
detached P. berghei-infected cells. Furthermore, cathep-
sins are inhibited by E64 and not by caspase inhibitors
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and they are known to play a central role in autophagy, or
type II programmed cell death [32]. Autophagy occurs
normally within starving cells and has initially been char-
acterized as a rescue process [33]. Limited self-digestion
provides nutrients and energy to the starving cell, but if
the conditions do not improve, autophagy Wnally leads to
cell death. It is reasonable to assume that the enormous
growth of intracellular Plasmodium schizonts eventually
results in a lack of nutrients and induction of autophagy.
Indeed, Plasmodium-infected detached HepG2 cells
exhibit autophagic features like the lack of caspase activa-
tion during cell death, the integrity of the cytoskeleton
(our unpublished data) and the condensed, but not frag-
mented nucleus (Table 1). Although detached infected
cells share some features with cells undergoing apoptosis,
parasite-induced cell death more clearly resembles auto-
phagy. A hallmark of accidental cell death, or necrosis is
the early loss of membrane integrity. Since the membrane
integrity of detached, infected cells is maintained as long
as the intracellular merozoites are viable, this form of cell
death is highly unlikely.

Plasmodium SERA proteases

E64-sensitive cysteine proteases inducing host cell death
could on the other hand originate from the parasite. Plasmo-
dium is known to express many cysteine proteases that are
involved in various processes such as haemoglobin hydroly-
sis and erythrocyte invasion (for a review see [34]). Even
more importantly, cysteine proteases have also been shown
to play an essential role in merozoite egress from infected
RBCs [35, 36] and it can be assumed that liver-derived mer-
ozoites use a similar strategy in order to be released from
hepatocytes. It has been speculated that the SERA (SErine
Repeat Antigen) proteases, a family of papain like cysteine
proteases, are involved in merozoite egress from erythro-
cytes [37–39]. The SERA protease gene family consists of
at least Wve (P. yoelii) and up to nine (P. falciparum) genes.
Several SERA proteases are highly expressed at the end of
the blood stage development until merozoites are released
[40, 41] and for most of them secretion into the parasitoph-
orous vacuole (PV) has been described [40, 42, 43]. Addi-
tionally, a P. berghei SERA protease has been shown to

Fig. 3 Protease inhibition preserves the structure of the PVM in P.
berghei-infected detached HepG2 cells. Infected cells in the process of
detachment were either treated with cysteine protease inhibitor E64
(left images), or left untreated (right image). The E64 treated infected

cell carries two GFP-expressing parasites at diVerent stages: merozoite
stage (left parasite) and cytomere stage (right parasite). Exp1 (red) la-
bels the PVM (E64 treated cell), or the remnant of it in an untreated
control cell (right image)

Table 1 Features of P. berghei-induced host cell death compared with two well-characterised forms of programmed cell death, autophagy and
apoptosis and additionally, necrosis as an unordered, accidental form of cell death

The fact that the integrity of the host cell membrane is maintained in infected cells during the process of cell detachment renders necrosis-like cell
death unlikely

Features of cell death P. berghei-induced 
host cell death

Autophagy Apoptosis Necrosis

Caspase dependent No No Yes No

Preserved membrane asymmetry Yes (initially) Yes (initially) No No

Membrane integrity Yes Yes Yes No

DNA fragmentation No No Yes No

Degradation of cytoskeleton No No Yes Yes

Nuclear condensation Yes Yes Yes Yes

Cytochrome c release from mitochondria Yes Yes Yes Yes

Cell detachment Yes Yes Yes Yes
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mediate sporozoite egress from oocysts in the mosquito
midgut [44]. Together, SERA proteases appear to be key
molecules for parasite liberation from their corresponding
host cells. It will now be a major challenge to determine the
role of SERA proteases during merosome formation and
host cell death in infected hepatocytes.

Conclusions and future options

The recent Wndings shed some light on important and fasci-
nating details of the Plasmodium liver stage and our under-
standing of the life cycle of the parasite has changed
accordingly (Fig. 4). Yet still many questions remain to be
answered. How do merosomes cross the endothelial cell
layer of liver sinusoids and how are merozoites Wnally
released from merosomes? Which parasite and host cell
molecules are involved in the inhibition of apoptosis that
occurs throughout the parasite growth and host cell death
upon merozoite formation? Genetic manipulation of para-
sites and siRNA techniques to down regulate host cell sig-
nalling pathways are valuable tools to investigate parasite–
host interactions at a molecular level. Intravital imaging
using transgenic mice expressing GFP in various cell types
of the immune system [45], infected with red Xuorescent
parasites will undoubtedly help us to analyse the immuno-
logical responses during merosome formation.

A possible scenario is that hepatocyte-derived extru-
sions, which reach the sinusoids through the fenestrae
(100 nm holes in endothelia), become enlarged and Wlled
with parasite material. Although the size of the fenestrae at
100 nm is just 1/10 of the size of a merozoite, it is conceiv-
able that they are Xexible enough to allow parasite transport
into the forming merosomes. Transmigration of lympho-
cytes through endothelial cells (diapedesis) has been sug-
gested as a form of cellular passage [46] and at this stage
we cannot exclude that infected cells use diapedesis to enter
liver sinusoids.

Alternatively, similar to homing cells of the immune
system, infected cells might induce a limited disruption in
the cell–cell adhesions of neighbouring endothelial cells,
which then allows merosome budding into the sinusoid
lumen.

Whatever way merosomes pass the endothelial barrier,
the striking fact that parasite material can be transported
from the infected cell to the growing merosome and some-
times back to the cell strongly suggests the involvement of
the host cell cytoskeleton. This in turn argues for an
ordered action of cysteine proteases inducing cell death,
while preserving the cytoskeleton. In vitro analysis of
infected hepatocytes treated with cytoskeleton-modifying
drugs will provide us with important information on which
components of the cytoskeleton might be involved in the
process.

Fig. 4 Revised life cycle of Plasmodium parasites in mammals. 1
Inoculation of Plasmodium sporozoites during blood meal of an infect-
ed Anopheles mosquito. 2 Sporozoites reach the liver with the blood
stream and glide along sinusoidal endothelia before breaching through
KupVer cells and several hepatocytes before Wnally developing into
liver schizonts within an hepatocyte. Upon merozoite formation, mer-

osomes are extruded into liver sinusoids. 3 Liver-derived merozoites
are liberated and infect red blood cells. Repeated infection cycles occur
with some parasites developing into gametocytes. 4 Fertilisation in the
mosquito gut and development to infective sporozoites in the salivary
glands. Picture courtesy of Maria Mota
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Proteases appear to be key players in the process of para-
site liberation from erythrocytes and hepatocytes and the
recently discussed strategy to develop speciWc protease
inhibitors as a new generation of anti-malarias [34] might
be extended to prevent merozoite release from both cell
types. In comparison to vaccination strategies using attenu-
ated sporozoites that do not develop into schizonts, inhibi-
tion of parasite liberation from infected hepatocytes would
allow complete development of the parasite and presenta-
tion of additional Plasmodium antigens to the immune sys-
tem. Whether this results in a more potent immune
response against subsequent Plasmodium infections and
better protection rates awaits further investigations.
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