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Manipulation of Host Hepatocytes
by the Malaria Parasite for Delivery
into Liver Sinusoids
Angelika Sturm,1* Rogerio Amino,2,3* Claudia van de Sand,1 Tommy Regen,1

Silke Retzlaff,1 Annika Rennenberg,1 Andreas Krueger,1 Jörg-Matthias Pollok,4

Robert Menard,2 Volker T. Heussler1†

The merozoite stage of the malaria parasite that infects erythrocytes and causes the symptoms
of the disease is initially formed inside host hepatocytes. However, the mechanism by which hepatic
merozoites reach blood vessels (sinusoids) in the liver and escape the host immune system before
invading erythrocytes remains unknown. Here, we show that parasites induce the death and the
detachment of their host hepatocytes, followed by the budding of parasite-filled vesicles
(merosomes) into the sinusoid lumen. Parasites simultaneously inhibit the exposure of
phosphatidylserine on the outer leaflet of host plasma membranes, which act as ‘‘eat me’’ signals
to phagocytes. Thus, the hepatocyte-derived merosomes appear to ensure both the migration of
parasites into the bloodstream and their protection from host immunity.

I
nfection of a mammalian host by the ma-

laria parasite starts when the sporozoite

stage delivered by the mosquito reaches

the liver and invades hepatocytes (1, 2). The

intracellular sporozoite then differentiates and

generates a new invasive and motile form,

called the merozoite, which invades erythro-

cytes. To gain access to erythrocytes, the he-

patic merozoite must reach the lumen of the

liver sinusoids from hepatocytes through the

space of Disse, a layer of extracellular matrix,

and the sinusoid endothelium. It is not known

how hepatic merozoites reach the blood and

avoid phagocytosis by the numerous resident

macrophages, called Kupffer cells, which patrol

the liver sinusoids.

To address this issue, we first analyzed

the terminal phase of parasite development in-

side hepatocytes in vitro. The complete de-

velopment of Plasmodium berghei, a species

that infects rodents, lasts 2 to 3 days in cul-

tured hepatoma cells and in primary mouse

hepatocytes. The process takes place inside a

parasitophorous vacuole, which is formed

upon parasite entry into the host cell, and in-

volves the differentiation of a sporozoite

into a large multinucleated schizont and even-

tually several thousands of merozoites. We

first examined P. berghei maturation in vitro

after incubation of sporozoites with the HepG2

hepatoma cell line. At 48 hours postinfec-

tion (hpi), parasites developed inside adher-

ent HepG2 cells as exo-erythrocytic forms

(EEFs) (fig. S1). However, at 63 to 70 hpi, the

number of adherent cells containing parasites

declined sharply to È40% of their initial

number, although the culture supernatants con-

tained only small numbers of free merozoites

that would be expected from rupturing of these

cells. Instead, large numbers of parasite-filled,

floating cells were observed (Fig. 1, A and B).

Examination of these detached infected cells by

transmission electron microscopy (TEM) (Fig.

1C and fig. S2) and scanning electron micros-

copy (SEM) (Fig. 1D) confirmed the presence

of normal-shaped merozoites filling the whole

volume of the host cells. The pattern of immu-

nofluorescence staining (3) with polyclonal

antibodies specific for the exported protein 1

(Exp1), a parasite protein that becomes inserted

into the parasitophorous vacuole membrane

(PVM), indicated disruption of the PVM (Fig.

1E) and liberation of merozoites into the host

cell cytoplasm.

Unexpectedly, merozoites were also found

within round, membrane-bound vesicles that

were devoid of host cell nuclei and that we

named merosomes (Fig. 1, F and G). Mero-

somes of various sizes were formed upon

budding from the detached host cells (Fig.
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Fig. 1. Detached in-
fected cells extrudemero-
somes, which contain
infective merozoites. (A)
Phase contrast image of
infected HepG2 cells
floating in the culture
medium. (B) Immuno-
fluorescence staining of
a single floating cell
with merozoite-specific
antiserum (red); DNA is
stained in blue (Hoechst
33258). Inset shows re-
leased merozoites at a
higher magnification. (C
and D) TEM and SEM of
a single detached cell.
(E) Disruption of the
PVM during parasite
merogony; green, Exp1;
blue, Hoechst 33258.
(F) Immunofluorescence
image of living GFP-
expressing parasites in
a detached cell, demon-
strating the budding of
parasite-filled vesicles
(merosomes). (G) SEM
image of budding mero-
somes. (H) Merosome
formation increases with
time. Detached cells
were collected after the
indicated times, immo-
bilized on poly-L lysine slides, fixed, and stained with the DNA dye Hoechst 33258. Nucleated cells and
merosomes (devoid of host cell nucleus) were counted and the percentage (mean T SD) of both
populations was calculated from three independent experiments. (I) Infection of mice with detached cells.
Four mice received culture supernatant containing 20 to 50 detached cells/merosomes (blue lines). Four
control mice (red lines) received an equal amount of culture supernatant without detached cells, to
exclude the possibility that previously liberated merozoites caused infection.
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1H). To test whether merozoites inside de-

tached cells and merosomes were infective,

we injected them intravenously into mice.

Parasites were detected in the blood of all

injected mice (Fig. 1I), showing that the

detached host cells could release infectious

merozoites.

To examine if merosomes were also formed

in vivo, we injected wild-type P. berghei

sporozoites into C57/Bl6 mice and analyzed

liver sections for the presence of detached

infected cells and merosomes. At 40 hpi,

most infected hepatocytes were still closely

connected to neighboring hepatocytes (Fig.

2A, left), whereas at 46 hpi we detected pre-

dominantly detached cells, or parasite-filled

cell extensions inside blood vessels (Fig. 2A,

right). To obtain a real-time view of the pro-

cess of merozoite release, we injected spo-

rozoites from different P. berghei clones

that express the green fluorescent protein

(GFP) (4, 5) into animals and monitored 45-

to 53-hpi parasite-infected cells in the liver

by time-lapse intravital imaging (3). EEFs

appeared as large green fluorescent struc-

tures in the liver parenchyma. With time,

however, fluorescent cell extensions, pre-

sumably corresponding to the merosomes

seen in vitro, were observed budding from

infected cells and reaching the blood circu-

lation (Fig. 2, B to F, and movies S1 to S4).

Based on the volume of individual mer-

ozoites and of released merosomes, it was

estimated that merosomes can contain from

just a few to several thousand merozoites.

Once in the circulation, merosomes usually

appeared to remain intact for extended

periods of time (91 hour) and drifted at a

much slower speed than that of circulating

erythrocytes, suggesting that the surface of

merosomes might interact with that of liver

sinusoid endothelial cells.

The process of merosome release from

mature EEFs in the liver was next quantified

in two distinct mouse strains (total number

of mice, n 0 8). On average, the percentage

of budding EEFs increased between 42 and

50 hpi from È39 to È52% (Fig. 2D, n 0 88

EEFs). During this time, 56% of merosomes

were located inside sinusoids (Fig. 2, E and

F), confirming the results of the histological

examinations (Fig. 2A). The EEFs that were

not seen emitting merosomes during the ob-

servation intervals were frequently still grow-

ing in size, suggesting that merosome budding

might have followed the observation period.

We conclude that merosome release from ma-

ture EEFs is a common phenomenon that oc-

curs in most, if not all, mature P. berghei

liver stages, and that merosomes can ensure

Fig. 2. Histological and real-time analysis of
merozoite release in the liver of mice. (A)
Histological sections showing EEFs at 40 to 46
hpi in the parenchyma (left) and in the sinusoids
(right), respectively. Detached cells/merosomes
and infected cells in the liver parenchyma of four
different mice were counted and are presented as
the percentage of infected cells counted (absolute
numbers are in parentheses). (B to F) Intravital
imaging of EEF budding and merosome release
by confocal microscopy. The GFP-expressing
parasite is shown in green and the blood
circulation in red (red fluorescent bovine serum
albumen injected intravenously). White arrow-
heads show host cell buds. The time postinfection
(in hours) is shown in the upper-right corner.
Bars, 15 mm. (B) Time-lapse sequence showing a
green fluorescent EEF budding merosomes inside
a small sinusoid. The merosomes are labeled with
a number, and the estimated number of merozoites
(mz), calculated as themerosome volume divided by
the merozoite volume (2.66 mm3), is shown in
parentheses. (C) Each panel of the colored time-
lapse sequence is a maximum projection of three
images covering 8 mm in depth. The sequence
shows a late EEF budding a large merosome, which
is growing while moving toward the central vein.
The insets show the EEF lateral view (90- counter-
clockwise rotation of y axis). As shown by the last
two insets, the diameter of the blood vessel limits
the size of the merosome and the transfer of
merozoites from the EEF into the merosome. (D)
Quantification of budding EEF in the liver of mice
(n 0 88 EEFs). (E and F) Percentage of parasites
budding outside the nearby sinusoid versus those
budding inside (n 0 46 budding EEFs). The
confocal images are representatives of each type
of budding. (G) Hypothesis for the release of
Plasmodium merozoite-filled vesicles (merosomes,
green) from infected hepatocytes. Red blood cells
(red) are separated from hepatocytes by endothe-
lial cells (orange) and the space of Disse. Kupffer
cell is in blue.
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the direct delivery of merozoites in the blood

circulation.

The molecular events during cell detach-

ment and merosome formation were next

analyzed in vitro. Staining of the infected

HepG2 cells early after detachment with the

nucleic acid stain Hoechst 33258 revealed

condensation of the cell nuclei, suggesting

that these cells were undergoing cell death

(Fig. 3A, lower panels). Loss of mitochon-

dria membrane potential (fig. S3) and the

release of cytochrome c from mitochondria

of infected cells (Fig. 3A) supported this as-

sumption. In agreement with these obser-

vations, electron microscopy showed that

detached cells did not contain normal-

shaped mitochondria (fig. S4). However,

host cell death did not occur by classic

apoptosis or necrosis (Fig. 3B and Fig. 4, A,

B, and D). Activation of cysteine proteases

other than caspases induced cell death (Fig.

3B). Treatment of infected HepG2 cells with

the general cysteine protease inhibitor E64

at 55 hpi completely inhibited PVM destruc-

tion and cytochrome c release (fig. S5), and

no detached cells were detected in the cul-

ture medium. When infected cultures were

treated with E64 at 61 hpi (1 to 2 hours

before infected cells normally detach), most

infected cells did not detach, but a pro-

portion of infected cells were still floating

in the culture medium (Fig. 3B). These cells

exhibited a different phenotype compared

with that of untreated detached cells. The

PVM of E64-treated detached cells was still

visible, and the host cell nucleus appeared

less condensed than in untreated detached

cells (Fig. 3C). Therefore, E64 appeared

capable of blocking the ongoing processes

of PVM and host cell nucleus destruction

mediated by cysteine proteases. Other key

differences between cell death observed in

detached cells and apoptosis were that the

DNA in condensed host cell nuclei was not

fragmented (Fig. 4D and fig. S6) and that in

the membrane of detached cells and mero-

somes, the asymmetric distribution of phos-

phatidylserine (PS) residues, which is

normally a hallmark of viable cells, was

maintained (Fig. 4, A and B, and fig. S7).

The recognition of dead versus viable cells

by phagocytes relies, at least in part, on

exposure of PS on the outer leaflet of the

membrane of dying cells (6–8), and we

therefore analyzed how the parasite manip-

ulates the host cell signaling machinery,

resulting in the inhibition of the PS switch

(3). In apoptotic cells, the PS switch is ini-

tiated by Ca2þ release from internal stores

like mitochondria and the endoplasmic

reticulum into the cytoplasm of the cell.

Staining of detached, infected cells with a

cell-permeable Ca2þ-indicator dye revealed

that merozoites contained much higher

levels of intracellular Ca2þ than host cells

(Fig. 4B, upper panels). This suggests that

like P. falciparum erythrocytic merozoites

(9, 10), hepatic merozoites actively accumu-

late intracellular Ca2þ, which is released

from damaged internal stores of the dying

host cell. Ca2þ uptake by merozoites keeps

Ca2þ levels in the host cell low and inhibits

the PS switch to the outer leaflet of the host

cell membrane as long as the intracellular

parasites are viable. However, forced Ca2þ

influx in detached cells by treatment with

the Ca2þ ionophore ionomycin induced the

PS switch, indicating that there is not a

general block of PS exposure in these cells

(Fig. 4A).

Under in vitro conditions, merozoites in

detached hepatocytes have a restricted life-

time. Parasite death is accompanied by DNA

fragmentation (Fig. 4D) and Ca2þ release

from the parasite back into the host cell

cytoplasm, resulting in PS switch to the

outer leaflet of the host cell membrane

(Fig. 4, A and B, lower panel). In phagocy-

tosis assays, ionomycin-treated PS-positive

detached cells were more frequently en-

gulfed by macrophages than PS-negative

detached cells containing viable parasites

(fig. S8).

In marked contrast to the induction of

cell death observed during merozoite de-

velopment, it has recently been shown that

early Plasmodium liver stages even con-

fer resistance to apoptosis to the host cell

(11, 12). However, dying EEFs were shown

to provoke phagocyte infiltration in vivo,

and it was suggested that these dead para-

sites cannot protect host cells from under-

Fig. 3. Induction of host cell death during
merozoite formation. (A) Cytochrome c release
from mitochondria in floating cells. Infected
HepG2 cells were fixed at 48 hpi (control, upper
panels) or 63 hpi (lower panels) and stained
with antibodies against PbExp1 or Pbhsp90
(green) and cytochrome c (red). (B) The general
cysteine protease inhibitor E64, but not the
caspase inhibitor zVAD-fmk, blocks the detach-
ment of host cells. Cultures were left untreated
(cont.) or treated with E64 at 55 or 61 hpi, or
with zVAD-fmk (at 55 hpi). At 65 hpi, culture
supernatants were collected and the number of
floating cells was determined. Results are
expressed as the percentage of control cells
(mean T SD). (C) Cultures were treated with E64
at 61 hpi for 4 hours. Treated detached cells
(lower panels) exhibit a different phenotype
from that of untreated control cells (upper
panels). Immunofluorescent analysis with an
antibody against the PVM protein Exp1 (right
panels) shows the partly preserved PVM in E64-
treated cells (lower right panel). The structure of
the PVM was maintained in 76% (T12%) of
detached cells treated with E64 from 61 to 65
hpi. DNA is stained with Hoechst 33258 (blue).
Bars, 20 mm.
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going cell death (12). The results obtained by

intravital imaging indicate that the remnants of

infected cells left behind after merosome re-

lease could also contribute to the observed

phagocyte infiltration.

In conclusion, we have shown that Plas-

modium liver-stage parasites manipulate their

host cells to guarantee the safe delivery of

merozoites into the bloodstream (Fig. 2G).

Merosomes bulge into liver sinusoids and

appear to act as shuttles that ensure the re-

lease of living merozoites directly into the

circulation, and by not presenting the PS

signature of a dying cell, also act as shields

that protect them from phagocytosis. This

mechanism of merozoite release may in-

crease erythrocyte invasion and parasite sur-

vival, because extracellular merozoites are

readily recognized and engulfed by Kupffer

cells and other phagocytic cells in the liver

sinusoids (13). The proteases that control

cell death and cell movement of the host

cell, as well as the factors that mediate Ca2þ

accumulation and prevent PS exposure, ap-

pear to be essential to parasite survival. They

might become interesting targets for inhibit-

ing the release of Plasmodium merozoites

from hepatocytes and thus preventing eryth-

rocyte infection and the onset of the disease.
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Fig. 4. Merosomes do not expose PS at their surface for several hours. (A)
Detached cells were isolated at different time points and stained with Annexin-V—
fluorescein isothiocyanate and propidium iodide (see also fig. S7). The percentage
(mean T SD) of Annexin-V–positive cells was calculated from three independent
experiments (white bars). Detached cells treated for 1 (63 hpi) and 6 hours (68
hpi) with ionomycin (1 mg/ml) are represented by black bars (mean T SD; nd, not
done). (B) Merozoites accumulate Ca2þ and inhibit the PS switch in the host cell
membrane. Floating cells at 63 hpi (upper panels) and 75 hpi (middle panels)
were stained with Fluo-4/AM (green) and Annexin-V-Alexa 568 (red). Quantitative
assessment of Ca2þ release and PS switch (bottom panel). For each time point,
100 to 300 cells were examined and the percentage (mean T SD) of cells with
released Ca2þ (dark bars) and cells with released Ca2þ and PS switch (gray bars)
was calculated. (C) Detached, Annexin-V–stained cells at 63 or 75 hpi were
isolated with a micropipette and transferred to 24-well plates; Annexin-V–positive
or Annexin-V–negative floating cells were separated and subsequently injected
into mice. Mouse parasitemia were determined daily for 2 weeks [four mice
infected with Annexin-V–positive cells (red symbols); four mice infected with
Annexin-V–negative cells (blue symbols)]. (D) TUNEL (terminal deoxynucleotidyl
transferase–mediated dUTP nick-end labeling) staining of floating cells at 63 and
75 hpi. Red, TUNEL stain; blue, Hoechst 33258 stain. In three independent
experiments, the total number of detached cells was determined and the number
of TUNEL-positive cells was calculated and expressed as the percentage of all
counted cells (mean T SD). Gray bars represent TUNEL-negative detached cells,
black bars TUNEL-positive detached cells.
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