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Interactions of the malaria parasite and its mammalian host
Olivier Silvie1, Maria M Mota2, Kai Matuschewski1 and Miguel Prudêncio2
A hallmark of Plasmodium development inside its mammalian

victim is the remarkable restriction to the host species.

Adaptation to an intracellular life style in specific target cells is

determined by multiple parasite–host interactions. The first line

of crosstalk occurs during intradermal sporozoite injection by

an Anopheles mosquito. The following expansion in the liver is

highly efficient and leads to successful establishment of the

parasite population. During the periodic waves of fevers and

chills the parasite destroys and re-infects red blood cells.

Recent advances in experimental genetics and imaging

techniques begin to expose the complex interactions at the

changing parasite–host interfaces. Understanding the cellular

and molecular mechanisms of target cell recognition, nutrient

acquisition, and hijacking of cellular and immune functions may

ultimately explain the elaborate biology of a medically

important single cell eukaryote.
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Introduction
Malaria remains the most-important vector-borne infec-

tious disease and probably kills more children than any

other single pathogen. The complex disease, typically

recognized by its cyclic patterns of fevers and chills, is

caused exclusively during the rapid asexual multipli-

cation phase of the Plasmodium parasite inside red blood

cells [1�]. In order to get there the parasite first trans-

forms and expand in an obligate, clinically silent, and

uni-directional developmental phase in the liver [2].

The release of liver stage merosomes, packages of

membrane-enclosed merozoites, marks the onset of

malaria [3]. Individual merozoites use specialized

surface proteins to propel themselves into erythrocytes

[4].
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Here, we will highlight some of the most recent insights

into these parasite–host interactions with particular

emphasis on their genetic basis. We will discuss how

rodent in vivo models and new technologies, such as

intravital imaging, influence our views of the parasite–

host contacts underlying the successful persistence of the

deadliest protozoan known to man.

Plasmodium sporozoites in the mammalian
host: from skin stages to liver stages
Infection of the mammalian host with malaria is initiated

when an Anopheles mosquito taking its blood meal injects

Plasmodium sporozoites into the skin (Figure 1). Sporo-

zoites subsequently travel from the dermis to the liver,

invade and develop inside hepatocytes. Recent studies

have established that after inoculation, sporozoites

remain in the skin for extended periods of time [5,6],

where they actively move in an apparently random

fashion until they encounter a blood vessel and enter

the blood circulation [7]. Not all injected sporozoites

make it to the blood circulation and the liver. Some

remain at the injection site in the skin, and are probably

eliminated by recruited phagocytes [8�]. Others enter the

lymphatic circulation and reach the draining lymph node,

where they are eventually degraded [6]. These skin

stages probably contribute to induction of protective

immune responses against Plasmodium. In particular, it

was shown that sporozoites injected in the dermis prime

CD8+ T cell responses in the draining lymph node, which

in turn act as effectors capable of eliminating parasites

developing in the liver [9�].

In the skin, as previously proposed [10], sporozoites

actively migrate through cells [8�], a process that involves

disruption of the host cell plasma membrane [10]. At least

three parasite proteins are involved during sporozoite cell

traversal, sporozoite protein essential for cell traversal

(SPECT)-1, SPECT-2 and a phospholipase [11–13].

Sporozoites lacking SPECT-1 or SPECT-2 are rapidly

immobilized in the skin as a consequence of impaired

cell traversal ability [8�].

Sporozoites that enter the blood circulation rapidly home

to the liver, notably through interaction of the circum-

sporozoite protein (CSP), which covers the surface of

sporozoites, with heparan sulfate proteoglycans (HSPGs)

on liver cells. After crossing the sinusoidal cell layer,

possibly through Kupffer cells [14], sporozoites switch

from cell traversal to productive invasion (Figure 1). This

later mode of invasion occurs without rupture of the host

cell plasma membrane and results in the formation of

a specialized compartment, the parasitophorous vacuole
malian host, Curr Opin Microbiol (2008), doi:10.1016/j.mib.2008.06.005
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Figure 1

Plasmodium developmental program from transmission to egress of liver stage merozoites. (Far left) Malaria transmission. Sporozoite injection occurs

during a blood meal of an infected female Anopheles mosquito. Sporozoites are injected intradermally and commence vivid migration in the dermis (1),

resulting in either recognition of the basal side of a blood capillary (2), removal by the lymphatic system to the draining lymph node (3), or incomplete

sporozoite transformation in the skin (4). In the skin, sporozoites actively traverse cells by breaching their plasma membranes. Once inside the blood

vessel (5) sporozoites are rapidly distributed through the blood circulation. (Center left) Liver entry. When sporozoites pass the liver sinusoids they

abruptly adhere to endothelial cells and start gliding locomotion (6). Crossing the sinusoidal barrier has been proposed to occur by transmigration

through Kupffer cells, liver-resident macrophages (7). In the liver parenchyma, sporozoites actively traverse numerous hepatocytes (8). (Center right)

Switch to productive invasion. Once a sporozoite reaches its final destination, a suitable hepatocyte, it actively enters under simultaneous formation of

a tight junction and a nascent parasitophorous vacuole (PV) (9). Inside the PV, sporozoites rapidly transform into round early liver stages (10). (Far right)

Maturation into liver stage-merozoites. Intrahepatic parasites commence cell division resulting in merozoite formation in a process called schizogony

(11). Infectious merozoites are released as membrane-shielded merosomes (12). Merosomes are transported away (13) and eventually rupture in the

lung microvasculature.
(PV). This switch from migration to productive invasion

appears to be progressive since sporozoites continue to

migrate through several hepatocytes before forming a PV

in a final one [10,15]. The role of migration through

hepatocytes during sporozoite infection is still debated

[16], but recent results from Torgler et al. [17] indicate

that it may have rather detrimental effects on parasite

liver stage development through induction of inflamma-

tory responses depending on NF-kB activation.

The molecular mechanisms underlying the transition

from migration to productive invasion are not fully under-

stood. SPECT mutants, which do not transmigrate but still

infect cells by forming a PV [11], invade more rapidly than

normal sporozoites [8�]. This observation suggests that

migration may retard infection, and needs to be switched

off to allow entry by PV formation. Coppi et al. [18�] found

that the highly sulfated HSPGs in the liver provide

signals promoting the switch to infection. Intracellular

components encountered by sporozoites during cell tra-

versal, including potassium and uracil derivatives, may

also contribute to their activation [19,20]. Sporozoite

activation results in apical regulated exocytosis and

exposure of surface adhesive proteins [21]. These ligands

may interact with cellular receptors to form a tight
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junction allowing the internalization of the sporozoite

through an invagination of the hepatocyte plasma mem-

brane [8�], leading to the formation of the PV.

Hepatocyte receptors mediating sporozoite entry have

not been identified yet, but a recent study suggests that

several pathways might be involved [22], one at least

depending on the tetraspanin CD81 and cholesterol-

enriched microdomains [23]. Two sporozoite proteins

containing 6-cystein domains, P36 and P36p/P52, have

been proposed to play a role in the establishment of the

PV [24–26], but it is not known whether these molecules

bind to host cell receptors or instead mediate signals

promoting the switch to productive invasion. It is clear

that additional yet uncharacterized sporozoite molecules

are involved during invasion of hepatocytes, and may

constitute potential targets for malaria vaccines.

Liver stage development: quiet seize of a
perfect host cell
Following productive invasion, Plasmodium sporozoites

develop and multiply into thousands of newly formed

merozoites, which are contained within the PV mem-

brane (PVM) until shortly before they are released

from the hepatocytes into the bloodstream (Figure 1)
malian host, Curr Opin Microbiol (2008), doi:10.1016/j.mib.2008.06.005
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(reviewed in [2]). However, only recently have the mol-

ecular events that take place during the hepatic stage of

infection begun to be elucidated and very little is known

about the interactions that occur between Plasmodium
liver stages (LS) and host cell molecules. It seems likely,

however, that LS have developed multiple strategies to

exploit the rich hepatocyte’s resources whilst ensuring

their own survival in a potentially hostile environment.

The demonstration that the parasite’s CSP plays an

important role in creating favorable conditions for parasite

development, by enhancing its growth and downregulat-

ing the expression of inflammatory genes, constitutes a

striking example of such a strategy [27].

In the last few years, several Plasmodium proteins were

identified that seem essential for the parasite’s normal

developmental process. Parasites lacking UIS (upregu-

lated in infective sporozoites) gene 3, UIS4, and Pb36p
[25,28,29] display arrested intrahepatocytic development

and, more importantly, are able to confer long-lasting,

sterile protection against re-infections. These obser-

vations led to a surge in the investigation of the potential

use of such genetically attenuated parasites (GAPs) as

part of a whole-organism vaccine strategy (reviewed in

[30]).

UIS3 was recently shown to interact with the liver-fatty

acid binding protein (L-FABP) in vitro [31]. Although a

direct interaction between UIS3 and L-FABP could not

be demonstrated in hepatocytes, the authors note that

downregulation of L-FABP leads to a reduction of para-

site development. UIS3 localizes to the PVM that con-

stitutes the interface between host cell cytoplasm and the

parasite [31]. The reported interaction of UIS3 and L-

FABP suggests that the latter may dock to UIS3 to deliver

fatty acids to the LS. Whether or not this is the case, it

seems evident that lipid delivery is an important require-

ment for LS development, as the downregulation of the

expression of the lipoprotein receptor scavenger receptor

type B class I (SR-BI) was also shown to inhibit parasite

growth in vitro [32].

At the end of their developmental process in the liver,

Plasmodium parasites differentiate into merozoites, which

are contained inside host cell derived vesicles called

merosomes (Figure 1) [3]. Cystein proteases are thought

to mediate the release of merozoites from hepatocytes, a

process also known as egress (reviewed in [33]). A class of

potential cysteine proteases, termed serine repeat anti-

gens (SERAs), is upregulated in late LS [34], suggesting a

potential involvement in the liberation of merozoites

from merosomes. Intravital microscopy analysis of Plas-
modium yoelii-infected rodents has revealed that most

merosomes exit the liver intact, presumably thus protect-

ing the hepatic merozoites from phagocytosis by Kupffer

cells, the resident macrophages in the liver [3,35�]. Inter-

estingly, merozoites are eventually released in the lung
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capillaries, where they reach the bloodstream and initiate

the symptomatic blood-stage of infection [35�].

A recent study combining transcriptome and proteome

analysis identified approximately 2000 active genes and

800 proteins throughout the development of P. yoelii LS

[36�]. A complementary, but more restricted, study

employed expression profiling of subtracted cDNAs

during late LS development and identified a few anno-

tated genes that are differentially upregulated as com-

pared to trophozoite development [37]. The emerging

picture is that during maturation of liver stage and blood

stage merozoites the parasite utilizes stage-specific para-

site factors to generate otherwise identical invasive

stages. Nevertheless, it seems clear that these, as well

as other recently gathered data, will require further inves-

tigation before one can gain a more thorough insight into

the molecular mechanisms that regulate the silent, yet

obligatory, stage of the Plasmodium life cycle.

Merozoite entry into the erythrocyte: multiple
choices
Plasmodium and related apicomplexan parasites, such as

Babesia and Theileria, have the unusual capacity to rapidly

invade red blood cells (RBC). Erythrocyte invasion by

merozoites occurs in seconds and follows several steps,

each involving multiple receptor–ligand interactions

(Figure 2) (reviewed in [4]). Our view of the underlying

molecular events is largely influenced by biochemical and

structural data (reviewed in [38]), primarily because

experimental genetics are not feasible in erythrocytes

and limited to redundant genes in the malaria parasite.

Initial attachment occurs at any orientation and is

mediated by the major merozoite surface proteins

(MSPs), mainly the interaction of MSP1 with band 3

on the erythrocyte surface [39]. Studies with inhibitory

antibodies indicated that the transmembrane protein

apical membrane antigen 1 (AMA-1) mediates the next

event, reorientation of the apical end of merozoite

towards the erythrocyte surface [40]. Two distinct and

largely redundant parasite transmembrane protein

families drive merozoite penetration, under simultaneous

formation of the parasitophorous vacuole. The erythro-

cyte binding antigens (EBAs), for example EBA140,

EBA175, and EBA181, bind to glycophorin C, glyco-

phorin A and a yet unknown receptor, respectively.

The Plasmodium falciparum reticulocyte-binding homo-

logs (PfRh), for example PfRH1, PfRH2a, PfRH2b, and

PfRH4, engage unknown receptors (reviewed in [4]).

Hierarchic organization of PfRHs and EBAs rather than a

switch in gene expression permits efficient entry while

maintaining the possibility to instantaneously opt for a

whole range of invasion pathways [41]. A recent study in

Kenya showed that these alternative invasion pathways are

apparently extensively used by wild-type parasites [42�].
Inhibitory antibodies from malaria-exposed individuals
malian host, Curr Opin Microbiol (2008), doi:10.1016/j.mib.2008.06.005
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Figure 2

Cycles of asexual parasite replication inside red blood cells. (1) Extracellular merozoites attach randomly to the erythrocyte surface. (2) Initial

attachment is re-inforced by orientation of the apical end of merozoite towards the erythrocyte surface. (3) Tight junction formation and active

merozoite entry into the erythrocyte. (4) Merozoite invasion occurs by simultaneous formation of a parasitophorous vacuole. After completion of

invasion the merozoite transforms into a ring stage (5). This stage is characterized by a large digestive vacuole, where hemoglobin digestion results into

formation of the malaria pigment, hemozoin. (6) The expanding parasite during its intraerythrocytic growth phase is termed trophozoite. Hemozoin

accumulates in the digestive vacuole. (7) DNA replication precedes cell budding, a process termed schizogony. Merozoites bud off the central

syncytium. (8) Merozoites secrete exonemes to initiate exit from the parasitophorous vacuole and host erythrocyte. (9) Merozoite egress. Free

merozoites adhere to an adjacent erythrocyte within seconds (1), initiating a new erythrocytic cycle.
block an increasing number of specific invasion pathways

as individuals grow older. While providing a fascinating

example for coevolution of parasite–host cell receptor–

ligand interactions, this finding highlights the challenges

for potential vaccine strategies that need to account for

multiple alternative ligands.

The molecular events that permit cytolysis and efficient

egress out of the erythrocytes are less well understood.

Yeoh et al. [43��] showed that Plasmodium compartimen-

talizes the molecules that function in egress in specialized

organelles, termed exonemes. Among others, they con-

tain the subtilisin-like serine protease subtilase 1 (SUB1)

that proteolytically activates abundant SERAs, which in

turn may process cellular substrates.

Development inside red blood cells:
a life-threatening niche
Mature red blood cells are terminally differentiated cells

that lack standard biosynthetic pathways and intracellular

organelles. Of considerable immunological advantage

for a persisting pathogen, erythrocytes do not display

antigens in the context of the major histocompatibility
Please cite this article in press as: Silvie O, et al., Interactions of the malaria parasite and its mam
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complexes on their surfaces. However, the absence of

endocytic and secretory pathways poses a potential

obstacle for a fast-growing intracellular parasite that typi-

cally recruits host organelles for nutrient acquisition

rather than relying on cellular diffusion processes. The

solution for the growing ring stages is dietary restriction to

the abundant hemoglobin and refurbishment of their new

home by dramatic expansion of their surface area through

formation of a tubovesicular network (TVN) and by

considerable export of a range of remodelling and viru-

lence factors (reviewed in [44,45]). Protein export into

the host RBC is mediated through a specific targeting

sequence, termed Plasmodium export element (PEXEL)

or host targeting (HT) signal. A recent elegant study by

Chang et al. [46�] established that this motif functions as a

classical cleavage and N-acetylation site. This short sig-

nature is present in several hundred parasite proteins, half

of which belong to families of variable antigens that are

exported to the erythrocyte surface, including the variant

antigens (VARs), subtelomeric variable open reading

frames (STEVORs), and repetitive interspersed family

(RIFINs). Functional analysis of the dozens of hypothe-

tical proteins will expand our current list of documented
malian host, Curr Opin Microbiol (2008), doi:10.1016/j.mib.2008.06.005
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interactions of parasite protein with the erythrocyte cytos-

keleton that is extensively modulated during intracellular

expansion (reviewed in [45]).

An example of parasite-encoded effector proteins is a

class of kinases, FIKK/TSTK, which is expanded in the

human pathogen P. falciparum [47,48]. Individual kinases

appear to be differentially expressed and are exported via

the PEXEL/HT signature to the Maurer’s clefts [47], P.
falciparum-induced lamellar structures where virulence

proteins accumulate en route to the erythrocyte surface

[49]. Systematic studies of the exported proteins are

expected to ultimately explain the evolvement of host

restriction and coevolution of parasite effector and host

cell target proteins [50]. Intriguingly, a similar mechanism

is employed by oomycetes, plant pathogens that translo-

cate effector proteins in order to establish infection [51].

This shared mechanism is a striking indication for a

phylogenetic relationship of otherwise distant eukaryotic

pathogens.

From a cell biological perspective, infected RBCs are an

ideal model system to study the minimal host cell reper-

toire required for intracellular development of a

pathogen. Two recent proteome studies identified 592

and 644 membrane-associated and soluble proteins in

(non-infected) human and mouse RBCs, respectively

[52,53]. These studies revealed that RBC physiology

and their transformation from reticulocytes to aging eryth-

rocytes are highly dynamic processes that involve many

more proteins than anticipated previously. The in-depth

knowledge of the protein make-up paves the way for

future systematic biochemical studies of RBC host factors

that are central for Plasmodium development.

Refinement of our understanding of the molecular inter-

actions at the parasite–host interface crucially depends

on studies that address the composition of the PVM.

Spielmann et al. [54�] recently performed the first in-

depth analysis of a class of abundant PVM-resident

proteins, termed early transcribed membrane proteins

(ETRAMPs). These small, highly charged transmem-

brane proteins locate to the PVM of the growing

parasite [55]. ETRAMP expression is developmentally

regulated and some members are expressed exclusively

in ring stages [55], whereas others are liver-stage specific

[27,28]. In vivo cross-linking and heterologous expression

studies showed that ETRAMPs form distinct oligomers

that localize to microdomains, indicating polarity of the

parasite–host interface [54�].

Intraerythrocytic development results in the initial

rapid expansion and sustained cycling of the parasite

population in the infected host. We are only beginning

to understand the level of complexity of parasite–host

factor interactions that permit growth in this unusual

host cell.
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Malaria pathology: responses to a persisting
pathogen
Clinical manifestations of malaria cover a wide range of

symptoms. Although most infected individuals will only

have a relatively benign febrile illness, 1–3 million deaths

per year occur from severe malaria, mainly in non-

immune children. This comprises several syndromes such

as severe anaemia, acute respiratory distress or cerebral

malaria [1�]. The basic pathological mechanisms behind

all these forms of severe disease are still not fully eluci-

dated.

The use of rodent models of malaria pathology has been

quite useful to help understanding the mechanisms

behind the onset of severe malaria. Experimental infec-

tion of mice with Plasmodium berghei ANKA has provided

the community with a powerful model to define genetic

determinants that regulate the development of cerebral

malaria (CM), and the actual picture is already quite

complex. Like in P. falciparum, the major host receptor

for sequestration of P. berghei-parasitized erythrocytes

from the circulating blood is the scavenger receptor

CD36 [56,57]. However, the onset and progression of

CM in mice is CD36-independent. In recent years, it has

been shown that the development of CM in P. berghei
ANKA-infected mice requires the host complement cas-

cades [58], histamine-mediated signalling [59], chemo-

kine receptors in the brain [60–62], and dendritic cells and

T cell subsets [63]. Recent studies from different labora-

tories have also opened several controversies, especially

around the involvement of TLRs [64–66] and regulatory

T cells [67–69] in the outcome of CM in mice, which

hopefully will be solved soon.

Interestingly, it has also been shown that the host’s rate-

limiting enzyme in the catabolism of free heme, heme

oxygenase-1 (HO-1), which degrades heme to generate

biliverdin, iron and CO, dictates the susceptibility to CM

in mice infected with P. berghei ANKA. HO-1 was found to

be upregulated to a lesser extent in infected C57BL/6

mice, all of which succumb to CM, than in infected

BALB/c mice, which do not develop signs of CM. More-

over, deletion of Hmox1 or inhibition of HO activity in

BALB/c mice increased CM incidence [70�]. Interest-

ingly, NO, which induces HO-1, was also shown to

protect mice from early CM [71�]. It has been also shown

that exposure to inhaled CO protects mice against CM.

While HO-1 and CO did not affect parasitemia, both

prevented the disruption of the blood–brain barrier, brain

microvasculature congestion and neuroinflammation, in-

cluding CD8+ T-cell brain sequestration [70�].

It has been shown that HO-1 and CO play a major role in

preventing neuroinflammation in CM. The protective

mechanism of CO seems to be mediated by the binding

of CO to hemoglobin, preventing its oxidation and the

generation of free heme, a molecule shown to contribute
malian host, Curr Opin Microbiol (2008), doi:10.1016/j.mib.2008.06.005

Current Opinion in Microbiology 2008, 11:1–8

http://dx.doi.org/10.1016/j.mib.2008.06.005


6 Host–microbe interactions: Parasites

COMICR-573; NO OF PAGES 8
to the development of early CM in mice [70�]. Interest-

ingly, the reported protective mechanism of NO in CM

appears to operate by a similar mechanism, the binding of

NO to hemoglobin to prevent the generation of free heme

[71�].

More recently, an unexpected role for HO-1 during the

initial liver stage of infection was also demonstrated.

Infection of mouse liver by Plasmodium sporozoites leads

to an upregulation of HO-1 in hepatocytes and macro-

phages/leukocytes. Hmox1 deletion as well as HO-1 down-

modulation using siRNA leads to complete abrogation

of infection, when this is initiated with low numbers of

parasites, due to an increase in the number and size of liver

infiltrates and production of pro-inflammatory cytokines

[72]. Thus, HO-1 is a host molecule that controls both the

establishment of the Plasmodium liver stage of infection

and the development of pathology during the blood stage

of a malaria infection.

Indeed, one should keep in mind that the blood and liver

stages of infection usually coexist in populations living in

malaria-endemic areas. Therefore, the final outcome of

the host–Plasmodium interactions is subject to an intricate

control by many host molecules, some of which may play

distinct roles in different tissues at different stages of the

Plasmodium life cycle. While this has been shown unequi-

vocally for HO-1 in the context of early CM and the liver

stage of infection, one cannot exclude that other host

factors might act in concerted ways to ensure the success

of Plasmodium–host interactions.
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Röhl I, van Gemert GJ, Franetich JF, Luty AJF, Sauerwein R,
Mazier D, Koteliansky V, Vornlocher HP, Echeverri CJ, Mota MM:
Host SR-BI plays a dual role in the establishment of malaria
liver infection. Cell Host Microbe, in press.

33. Blackman MJ: Malarial proteases and host cell egress: an
‘emerging’ cascade. Cell Microbiol, in press.

34. Schmidt-Christensen A, Sturm A, Horstmann S, Heussler VT:
Expression and processing of Plasmodium berghei SERA3
during liver stages. Cell Microbiol 2008, 10:1723-1734.

35.
�

Baer K, Klotz C, Kappe SH, Schnieder T, Frevert U: Release of
hepatic Plasmodium yoelii merozoites into the pulmonary
microvasculature. PLoS Pathog 2007, 3:e171.

This study is a striking example of intravital imaging of Plasmodium
infections and revealed that final rupture of merosomes occurs in the
lung capillaries.

36.
�

Tarun A, Peng X, Dumpit RF, Ogata Y, Silva-Rivera H, Camargo N,
Daly TM, Bergman LW, Kappe SHI: Combined transcriptome
and proteome survey of malaria parasite liver stages. Proc Natl
Acad Sci U S A 2008, 105:305-310.

This survey is the first complete expression profiling of mid- and late liver
stage development.
Please cite this article in press as: Silvie O, et al., Interactions of the malaria parasite and its mam

www.sciencedirect.com
37. Zhou Y, Ramachandran V, Kumar KA, Westenberger S, Refour P,
Zhou B, Li F, Young JA, Chen K, Plouffe D et al.: Evidence-based
annotation of the malaria parasite’s genome using
comparative expression profiling. PLoS ONE 2008, 3:e1570.

38. Bentley GA: Functional and immunological insights from the
three-dimensional structures of Plasmodium surface
proteins. Curr Opin Microbiol 2006, 9:395-400.

39. Goel VK, Li X, Chen H, Liu SC, Chishti AH, Oh SS: Band 3 is a host
receptor binding merozoite surface protein 1 during the
Plasmodium falciparum invasion of erythrocytes. Proc Natl
Acad Sci U S A 2003, 100:5164-5169.

40. Mitchell GH, Thomas AW, Margos G, Dluzewski AR, Bannister LH:
Apical membrane antigen 1, a major malaria vaccine candidate,
mediates the close attachment of invasive merozoites to host
red blood cells. Infect Immun 2004, 72:154-158.

41. Baum J, Maier AG, Good RT, Simpson KM, Cowman AF: Invasion
by P. falciparum merozoites suggests a hierarchy of molecular
interactions. PLoS Pathog 2005, 1:e37.

42.
�

Persson KE, McCallum FJ, Reiling L, Lister NA, Stubbs J,
Cowman AF, Marsh K, Beeson JG: Variation in use of
erythrocyte invasion pathways by Plasmodium falciparum
mediates evasion of human inhibitory antibodies. J Clin Invest
2008, 118:342-351.

This study provides immunological significance for different erythrocyte
invasion pathways used by P. falciparum.

43.
��

Yeoh S, O’Donnell RA, Koussis K, Dluzewski AR, Ansell KH,
Osborne SA, Hackett F, Withers-Martinez C, Mitchell GH,
Bannister LH et al.: Subcellular discharge of a serine protease
mediates release of invasive malaria parasites from host
erythrocytes. Cell 2007, 131:1072-1083.

The authors provide the first demonstration of a specialized organelle, the
exoneme, which mediates parasite egress. Stored subtilase 1 initiates a
cascade of proteolytic events, including cleavage of SERAs, likely upon
organelle discharge.

44. Marti M, Baum J, Rug M, Tilley L, Cowman AF: Signal-mediated
export of proteins from the malaria parasite to the host
erythrocyte. J Cell Biol 2005, 171:587-592.

45. van Ooij C, Haldar K: Protein export from Plasmodium
parasites. Cell Microbiol 2007, 9:573-582.

46.
�

Chang HH, Falick AM, Carlton PM, Sedat JW, DeRisi JL, Marletta
MA: N-terminal processing of proteins exported by malaria
parasites. Mol Biochem Parasitol 2008, 160:107-115.

The authors isolated soluble exported proteins from the cytosol of
infected red blood cells and show that the PEXEL/HT signal is a cleavage
and N-acetylation site. The authors hypothezise that processing occurs in
the lumen of the endoplasmic reticulum followed by translocation of the
cleaved, N-acetylated protein through the PVM.

47. Nunes MC, Goldring JPD, Doerig C, Scherf A: A novel protein
kinase family in Plasmodium falciparum is differentially
transcribed and secreted to various cellular compartments of
the host cell. Mol Microbiol 2007, 63:391-403.

48. Kooij TW, Carlton JM, Bidwell SL, Hall N, Ramesar J, Janse CJ,
Waters AP: A Plasmodium whole genome synteny map: indels
and syteny breakpoints as foci for species-specific genes.
PLoS Pathog 2005, 1:e44.

49. Bhattacharjee S, van Ooij C, Balu B, Adams JH, Haldar K:
Maurer’s clefts of Plasmodium falciparum are secretory
organelles that concentrate virulence protein reporters for
delivery to the host erythrocyte. Blood 2008, 111:2418-2426.

50. Maier AG, Rug M, O’Neill MT, Brown M, Chakravorty S, Szestak T,
Chesson J, Wu Y, Hughes K, Coppel RL, Newbold C, Beeson JG,
Craig A, Crabb BS, Cowman AF: Exported proteins required for
virulence and rigidity of Plasmodium falciparum-infected
human erythrocytes. Cell 2008, 134:48-61.

51. Whisson SC, Boevink PC, Moleleki L, Avrova AO, Morales JG,
Gilroy EM, Armstrong MR, Grouffaud S, van West P, Chapman S
et al.: A translocation signal for delivery of oomycete effector
proteins into host plant cells. Nature 2007, 450:115-119.

52. Pasini EM, Kirkegaard M, Mortensen P, Lutz HU, Thomas AW,
Mann M: In-depth analysis of the membrane and cytosolic
proteome of red blood cells. Blood 2006, 108:791-801.
malian host, Curr Opin Microbiol (2008), doi:10.1016/j.mib.2008.06.005

Current Opinion in Microbiology 2008, 11:1–8

http://dx.doi.org/10.1016/j.mib.2008.06.005


8 Host–microbe interactions: Parasites

COMICR-573; NO OF PAGES 8
53. Pasini EM, Kirkegaard M, Salerno D, Mortensen P, Mann M,
Thomas AW: Deep-coverage mouse red blood cell proteome: a
first comparison with the human red blood cell. Mol Cell Prot
2008, 7:1317-1330.

54.
�

Spielmann T, Gardiner DL, Beck HP, Trenholme KR, Kemp DJ:
Organization of ETRAMPs and EXP-1 at the parasite–host cell
interface of malaria parasites. Mol Microbiol 2006, 59:779-794.

This is the first systematic biochemical study of a class of abundant PVM-
resident parasite-encoded proteins, termed ETRAMPs, which mediate
PVM integrity and interaction with host cell proteins. Individual ETRAMPs
form distinct complexes suggesting formation of dynamic ETRAMP-
mosaics and, perhaps, polarity of the parasite–host interface.

55. Spielmann T, Ferguson DJ, Beck HP: etramps, a new Plasmodium
falciparum gene family coding for developmentally regulated
and highly charged membrane proteins located at the
parasite–host interface. Mol Biol Cell 2003, 14:1529-1544.

56. Franke-Fayard B, Janse CJ, Cunha-Rodrigues M, Ramesar J,
Büscher P, Que I, Löwik C, Voshol PJ, den Boer MA, van
Duinen SG et al.: Murine malaria parasite sequestration: CD36
is the major receptor, but cerebral pathology is unlinked to
sequestration. Proc Natl Acad Sci U S A 2005, 102:11468-11473.

57. Cunha-Rodrigues M, Portugal S, Febbraio M, Mota MM: Bone
marrow chimeric mice reveal a dual role for CD36 in
Plasmodium berghei ANKA infection. Malaria J 2007, 16:32.

58. Patel SN, Berghout J, Lovegrove FE, Ayi K, Conroy A, Serghides L,
Min-Oo G, Gowda DC, Sarma JV, Rittisch D et al.: C5 deficiency
and C5a or C5aR blockade protects against cerebral malaria. J
Exp Med 2008, 205:1133-1143.

59. Beghdadi W, Porcherie A, Schneider BS, Dubayle D, Peronet R,
Huerre M, Watanabe T, Ohtsu H, Louis J, Mécheri S: Inhibition of
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Portugal S, Albuquerque S, Goldberg M, Rebelo S, Anderson DG,
Akinc A et al.: Heme oxygenase-1 is an anti-inflammatory host
factor that promotes murine Plasmodium liver infection. Cell
Host Microbe 2008, 15:331-338.
malian host, Curr Opin Microbiol (2008), doi:10.1016/j.mib.2008.06.005

www.sciencedirect.com

http://dx.doi.org/10.1016/j.mib.2008.06.005

	Interactions of the malaria parasite and its mammalian host
	Introduction
	Plasmodium sporozoites in the mammalian host: from skin stages to liver stages
	Liver stage development: quiet seize of a perfect host cell
	Merozoite entry into the erythrocyte: multiple choices
	Development inside red blood cells: �a life-threatening niche
	Malaria pathology: responses to a persisting pathogen
	Acknowledgements
	References and recommended reading


