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Migration of Plasmodium
Sporozoites Through Cells
Before Infection
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Intracellular bacteria and parasites typically invade host cells through the
formation of an internalization vacuole around the invading pathogen. Plas-
modium sporozoites, the infective stage of the malaria parasite transmitted by
mosquitoes, have an alternative mechanism to enter cells. We observed breach-
ing of the plasma membrane of the host cell followed by rapid repair. This mode
of entry did not result in the formation of a vacuole around the sporozoite, and
was followed by exit of the parasite from the host cell. Sporozoites traversed
the cytosol of several cells before invading a hepatocyte by formation of a
parasitophorous vacuole, in which they developed into the next infective stage.
Sporozoite migration through several cells in the mammalian host appears to
be essential for the completion of the life cycle.

After Plasmodium sporozoites are injected
into the mammalian host by mosquitoes, he-
patocyte infection is the next obligatory step.
In time-lapse video microscopy observations,
sporozoites appeared to enter and exit hepa-
tocytes rapidly [(Fig. 1 and Web movie 1)
(1)] as previously described for macrophages
(2). In most cases, hepatocytes survived after
parasite entry and exit, but on several occa-
sions cell material was observed leaking into
the medium from the site of sporozoite
egress, followed by death of the host cell.
To determine whether sporozoites disrupt
the hepatocyte plasma membrane while travers-
ing host cells, we used a standard cell wounding
and membrane repair assay (3). Wounded cells
can be identified by the presence of a cell-
impermeant tracer macromolecule within their
cytosol, because an open plasma membrane dis-
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ruption allows the tracer to enter, after which
resealing traps it inside the cell. Dead cells,
which do not reseal, are not labeled provided
that all exogenous tracer is washed away after
membrane disruption. Plasmodium yoelii sporo-
zoites, obtained by dissection of infected mos-
quito salivary glands, were incubated with a
mouse hepatoma cell line, Hepa 1-6 (4), in the
presence of the cell-impermeant tracer fluores-
cein isothiocyanate (FITC)—dextran. As a con-
trol, Hepa 1-6 cells were incubated with mate-
rial obtained by dissection of noninfected mos-
quito salivary glands. After 1 hour, cells were
washed to remove all exogenous tracer, then
incubated with propidium iodide to detect dead
cells. Propidium iodide and dextran-positive
cells were found only in cultures incubated with
P. yoelii sporozoites (Fig. 2A). Endocytosed
FITC-dextran was observed as a fine dotted
pattern in cell cytosol and was easily distin-
guished from cytosolic dextran (Fig. 2, A and
B). Increasing numbers of Hepa 1-6 cells con-
taining cytosolic dextran were observed up to |
hour after incubation, remaining constant after
this time (Fig. 2C). Sporozoite motility and in-
fectivity are also severely reduced after 1 hour
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of incubation. The percentage of dextran-posi-
tive cells varied between 10 and 30% in differ-
ent sporozoite preparations. The percentage of
propidium iodide—positive cells reached ~5%,
but the total number of dead cells is probably
higher because cells detach from the substrate
soon after they die. Flow cytometric analysis
(FACS) showed similar percentages of dextran-
positive cells and revealed an increase in the size
of dextran-positive cells, as described for other
cells that have suffered plasma membrane
wounding and repair (3).

Wounding of the plasma membrane results
in leakage of cytosolic material into the external
medium (6). To test whether sporozoites induce
release of cytosol from hepatocytes, we incu-
bated P. yoelii sporozoites with Hepa 1-6 cells
previously loaded with the cytosolic fluorescent
marker Green Cell Tracker. Plasmodium yoelii
sporozoites induced progressive release of this
cytosolic marker into the medium (Fig. 2D).
These resuits indicate that sporozoites induce
disruption of the host cell membrane, followed
by death or survival of the cell, depending on
successful resealing of the plasma membrane.

Sporozoites from different Plasmodium
species, including the human malarial patho-
gen Plasmodium falciparum, displayed simi-
lar capacities to induce wounding and repair
in Hepa 1-6 cells. Tachyzoites of another
apicomplexan parasite, Toxoplasma gondii,
also infected Hepa 1-6 cells; however, no
dextran- or propidium iodide—positive cells
were found in the cultures [Web fig. 1 (7)].
Plasmodium sporozoites induced similar lev-
els of wounding in other types of mammalian
cells, such as fibroblast and epithelial cell
lines [Web fig. 2 (1)].

Sporozoite motility was inhibited by three
different mechanisms before incubation with
Hepa 1-6 cells to investigate if cell wounding
was a result of active penetration of host cells by
sporozoites: (i) heat inactivation (7), (ii) incu-
bation with the actin-depolymerizing drug cy-
tochalasin-D (8), and (iii) incubation with a
monoclonal antibody (mAb) against P. yoelii
circumsporozoite protein (anti-CS mAb) (9, 10).
All treatments significantly inhibited cell
wounding, as measured by a reduction in the
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proportion of dextran-positive cells (Fig. 2E)
and the release of the cytosolic fluorescent
marker from Hepa 1-6 cells. During the process

of gliding motility, sporozoites leave behind
trails of surface proteins that can be visualized
by staining with anti-CS mAbs (/ /). Frequently,

Fig. 1. Sporozoites appear to enter and exit from host cells within 1 min. Time-lapse video images
of a P. berghei sporozoite entering and exiting a HepG2 hepatocyte. Sequential images are shown,
with the time (in seconds) indicated in the upper right corner, covering a total period of 1 min 15s.
This time-lapse movie is available at Web movie 1 (7).

Fig. 2. Plasmodium sporozoites
induce host cell plasma mem-
brane wounding, followed by re-
pair. (A) Plasmodium yoelii
sporozoites (10°) or (B) control
material from dissection of the
same number of Anopheles ste-
phensi mosquito salivary glands
were added to monolayers of
2 X 10° Hepa 1-6 cells (in 24-
well plates) for 1 hour in the
presence of 1 mg/ml FITC-dex-
tran, lysine-fixable, 10,000 MW
(Molecular Probes) (green). Cells

9]
=)

were washed and incubated with .. 105 16
1 pg/ml propidium iodide (red) & %14
for 5 min before fixation with 2 20 e €12
4% paraformaldehyde and anal- @ 15 10
ysis by confocal microscopy. Bar, 2 e 8
20 pm. (C) Hepa 1-6 cells (2 X g 0 58
10°) in 24-well plates were.incu- § s g4
bated with 10° P. yoelii sporozo- 5 g 2

a S o¢

w

ites in the presence of FITC-dex-
tran for the times indicated be-
fore fixation and quantification
of dextran-positive cells (for the
24-hour time point, cells were
incubated for 3 hours with dex-
tran, washed, and further incu-
bated until 24 hours in medium).
(D) Hepa 1-6 cells (2 X 10°)
were incubated with the cytoso-
lic marker Green Cell Tracker
(Molecular Probes) {10 uM) for 1
hour and washed before addition
of 10° P. yoelii sporozoites (@) or
same number of heat-inactivat-
ed sporozoites as control (O).
Supernatants were collected at the times indicated, and Green Cell Tracker was detected by measuring
the fluorescence at an excitation wave length of 485 nm and emission wave length of 518 nm. (E)
Sporozoite motility was inhibited by heat inactivation (15 min, 56°C), pretreatment of sporozoites with
cytochalasin-D (10 uM for 10 min), or preincubation with anti-CS mAb (50 or 250 pg/ml for 30 min),
before addition to Hepa 1-6 cells in the presence of 1 mg/ml FITC-dextran. (F) Plasmodium yoelii
sporozoites were incubated for 1 hour with Hepa 1-6 cells in the presence of 1 mg/ml FITC-dextran
before fixation and staining with anti-CS mAb (red). The trail, indicated with arrowheads, shows that the
sporozoite first moved in circles outside, before entering the Hepa 1-6 cell. Bar, 10 pum.
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these trails were found indicating sporozoite
entry into dextran-positive cells (Fig. 2F).

Mardin Darby canine kidney (MDCK) cells
form tight junctions and create tightly sealed
polarized monolayers when cultured on filters
(12). This system was used to verify that sporo-
zoites can traverse an epithelial cell barrier. The
continuity of the monolayer and the formation
of tight junctions were confirmed by measuring
the absence of permeability to 10-kD dextran
(13). Plasmodium yoelii sporozoites were add-
ed onto the MDCK cells in the upper chamber.
Any sporozoites that crossed the monolayer
could be quantified by counting the numbers of
infected Hepa 1-6 cells cultured on cover slips
placed underneath the filters in the lower cham-
ber (Table 1). Dextran-positive cells were
found in both the MDCK cell monolayer and
the underlying Hepa 1-6 cells. This indicates
that sporozoite-induced cell wounding is caused
by parasites actively traversing cells. When
sporozoite motility was inhibited by heat inac-
tivation or by preincubation with anti-CS mAb,
cell wounding and Hepa 1-6 cell infection
were significantly reduced (Table 1).

To test whether invasion of Plasmodium
sporozoites by plasma membrane disruption and
repair leads to parasites lacking vacuolar mem-
branes within the host cell cytosol, we devel-
oped an assay using a label for the sporozoite
parasitophorous vacuole. The plasma mem-
branes of Hepa 1-6 cells were labeled with
fluorescent agglutinin before incubation with
sporozoites; because agglutinin does not bind to
P. yoelii sporozoites [Web fig. 2 (/)], any ag-
glutinin on an intracellular parasite would indi-
cate that they are surrounded by a parasitopho-
rous vacuole derived from the host cell plasma
membrane. Sporozoites surrounded by parasito-
phorous vacuole membranes were found only
inside dextran-negative cells (n = 5) (Fig. 3, B
and D), whereas sporozoites lacking surround-
ing vacuolar membranes were found only inside
dextran-positive cells (» = 19) (Fig. 3, A and
C). The majority of dextran-positive cells do not
contain sporozoites in their cytosol because par-
asites rapidly migrate into and out of cells.
When 7. gondii tachyzoites were used in this
assay, all intracellular parasites were found to be
surrounded by agglutinin-labeled - parasitopho-
rous vacuoles [Web fig. 2 (1)]. Electron micros-
copy studies on Hepa 1-6 cells incubated with
P. yoelii sporozoites for 1 hour 'showed sporo-
zoites within parasitophorous vacuoles (n = 6)
(Fig. 3F) or without (» = 30) (Fig. 3E) in the
cytosol of Hepa 1-6 cells. Disruption of the host
cell plasma membrane was also observed (Fig.
3G). Taken together, these results indicate that
sporozoites can enter hepatocytes not only by
formation of an interalization vacuole that sur-
rounds sporozoites, but also by disrupting the
plasma membrane, leading to the presence of
free sporozoites in the cytosol.

Sporozoites were incubated with Hepa 1-6
cells for 1 hour in the presence of fluorescent
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dextran, followed by washing and incubation for
an additional 24 hours to. see if the developing
exoerythrocytic form (EEF) of the parasite
could be detected. Most of the infected Hepa
1-6 cells containing EEFs were dextran-nega-
tive (95.7 = 0.9%) (Fig. 4A), indicating that
successful development within hepatocytes oc-
curred when sporozoites formed parasitopho-
rous vacuoles. The small percentage of EEFs
(4.3%) that developed in dextran-positive cells
is probably a result of previous invasion by a
migrating sporozoite.

The behavior of individual sporozoites was
studied to determine whether or not the popula-
tion of sporozoites that traverse cells and the
population that develops into EEFs were the
same. Hepa 1-6 cells were incubated with lim-
iting dilutions of sporozoites in the presence of
fluorescent dextran; subsequently, plaques of
dextran-positive cells were seen, the number of
which increased proportional to the number of
sporozoites added in the culture. Each plaque
presumably corresponds to a single parasite.
After 1 hour of incubation, the average number
of dextran-positive cells seen per plaque was
counted, and it appeared that each sporozoite
traversed an average of four cells in this time. It
is likely that sporozoites traverse additional cells
that are not able to reseal their membranes, die
shortly afterwards, and are not detected. To test
if sporozoite migration through cells preceded
infection, we washed cultures 1 hour after
sporozoites were added and incubated the cul-
tures for an additional 24 hours. The majority of
EEFs (86.4 £ 3.5%) were found next to dext-
ran-positive cells as part of plaques (Fig. 4B),
confirming that single sporozoites traversed sev-
eral cells before pausing to replicate.

A standard assay for detection of cell
wounding in animals was used to determine
whether the ability of Plasmodium sporozoites
to traverse through host cells is used by the
parasite during infection in vivo (3). The fluo-
rescent dextran tracer was injected intravenous-
ly into mice infected with P. yoelii sporozoites
either by intravenous injection (10° sporozoites
per mouse) or by the bite of infected mosqui-
toes. Histological sections of mouse livers ana-
lyzed by confocal microscopy revealed a high
density of dextran-positive hepatocytes (400 to
900/cm?) in mice infected intravenously. In
mice infected by mosquito bite, fewer dextran-
positive hepatocytes were observed (3.3 = 1.5/
cm?). No dextran-positive cells were found in
the livers of mice injected with heat-inactivated
sporozoites or with material obtained from dis-
section of noninfected mosquito salivary glands.
Sporozoites were often found close to dextran-
positive hepatocytes (Fig. 4C), suggesting that
sporozoites traverse several hepatocytes in the
liver of the host before infection, as observed in
vitro.

Invasion of host cells by bacteria and
parasites occurs without disruption of the
host cell plasma membrane, and is typically

www.sciencemag.org SCIENCE VOL 291
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accompanied by the formation of a mem-
brane vacuole surrounding the infectious
agent. Our results show that Plasmodium

sporozoites have an alternative mechanism of
entry into mammalian cells involving direct
penetration of the host cell plasma mem-

Fig. 3. Sporozoites that enter host cells by
disruption of the plasma membrane remain in
the cytosol without surrounding parasitopho-
rous vacuoles. (A to D) Hepa 1-6 cells were
incubated for 5 min at 4°C with 0.1 mg/ml
wheat germ agglutinin-rhodamine (Molecular
Probes) before washing and addition of 10° P.
yoelii sporozoites in the presence of 1 mg/ml
FITC-dextran for 15 min at 37°C. After fixation,
sporozoites were labeled by incubation with
anti-CS mAb, followed by antibodies to mouse
immunoglobulin G Cy-5 in the presence of
0.05% saponin. Analysis of cells by triple-color
confocal microscopy showed intracellular
sporozoites (blue) in dextran-positive [green,
shown in (A)] and dextran-negative (B) cells;
the plasma membrane was stained with agglu-
tinin (red). (C) and (D) show membrane stain-
ing (red) in the same field as in (A) and (B),
respectively. A parasitophorous vacuole sur-

rounding intracellular sporozoites was observed only in dextran-negative cells (B and D). Bar, 5 pm. (E
to G) Hepa 1-6 cells were incubated for 1 hour with sporozoites, trypsinized, and fixed in 4%
paraformaldehyde and 0.1% glutaraldehyde, before dehydration in ethanol and Epon embedding (77).
Samples were analyzed by electron microscopy. Bar, 1 um. Insets in (E) and (F) show an enlargement
of sporozoite pellicle, constituted by the inner pellicular membrane (IPM) and the outer pellicular
membrane (OPM), which are surrounded (F) or not (E) by a parasitophorous vacuole membrane (PVM).
(G) Arrows point to a sporozoite free in the cytosol of an Hepa 1-6 cell which shows a disruption in the
plasma membrane (arrowheads), probably the site of entry of the sporozoite.
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brane. By this means, sporozoites traverse
several cells before finally engaging the es-
tablished cell entry mechanism for the hepa-
tocyte where they develop and replicate (Fig.
4D). Sporozoites from Plasmodium spp. and
species of the related apicomplexan parasite
Eimeria have been found frequently without
a parasitophorous vacuole in the cytosol of
host cells shortly after infection both in vitro
and in vivo (I/4-18). These observations
were difficult to explain in the context of
apicomplexan infection, because the develop-
ment of intracellular parasites has always
been observed within a well-delimited para-
sitophorous vacuole (19-22). Our findings
provide an explanation for these observa-
tions. Eimeria and Toxoplasma sporozoites
(but not tachyzoites) have also been observed

Fig. 4. Sporozoites tra-
verse several cells be-
fore- infection in vitro
and in vivo. Hepa 1-6
cells were incubated
with 10° (A) or 5 X 103
(B) P. yoelii sporozoites
for 1 hour in the pres-
ence of 1 mg/ml FITC-
dextran (green). Cells
were washed and incu-
bated for another 24
hours before fixation
and incubation with
anti-CS mAb (red).
Cells- were analyzed by
confocal  microscopy.
Bar, 20 pm. (C) BALB/c
mice of 6 weeks of age
were injected intrave-
nously with 8 mg of
FITC-dextran in phos-
phate-buffered saline
(PBS) and 106 P. yoelii
sporozoites, the same
amount of heat-inacti-
vated P. yoelii sporozo-
ites, or salivary gland
material obtained from
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to enter and exit cultured cells (Z5, 16, 23),
suggesting that other apicomplexan parasites
may also have the ability to traverse through
host cells before infection. Recent studies on
ookinetes, a mosquito stage of the malaria
parasite, suggest that they too disrupt the
plasma membrane of epithelial cells to pen-
etrate the mosquito midgut (24, 25).

The ability of Plasmodium sporozoites to
traverse mammalian cells raises important
questions about the role of this process in the
development of malaria infection and the mech-
anisms used by sporozoites to disrupt the plas-
ma membrane and to move within host cells.
Sporozoites may need to traverse several cells
to activate signaling pathways necessary for
entering and further development in hepato-
cytes, or to search for specific hepatocytes that

< o-C®
P \

)
@-&-&

dissection of an equivalent number of uninfected mosquitoes. After 45 min, mice were anesthetized,
followed by liver perfusion with 20 ml of PBS to wash away extracellular FITC-dextran and fixation with
20 ml of 8% paraformaldehyde. Livers were dissected and infiltrated with 30% sucrose in PBS before
freezing and sectioning. Histological sections of livers were incubated with anti-CS mAb (red). Bar, 5 pm.
(D) Model of hepatocyte invasion by Plasmodium sporozoites.

Table 1. Sporozoite motility is required to traverse epithelial monolayers. We cultivated 105 MDCK cells in
3-pm pore diameter Transwell filters (Costar) for 3 days until they formed a continuous monolayer. Cover
stips with 3 X 10° Hepa 1-6 cells were placed underneath the filters in the lower chamber. Plasmodium yoelii
sporozoites (2 X 10%), heat-inactivated or preincubated with anti-CS mAb (250 j.g/ml for 30 min), were added
in the filter inset. FITC-dextran (1 mg/ml) was also added to the filter inset and lower chamber. MDCK and
Hepa 1-6 cells were washed after 2 hours and further incubated for 24 hours before fixation, staining, and
quantification of dextran-positive cells and developing parasites with anti-EEFs mAb (29).

Dextran- Dextran- .
positive positive EEFs In
Sporozoites MDCKs Hepa 1-6 I(-|3ep>><a :(;56)
(3 x 105 (3 X 109)
Untreated 1612 = 98 652 + 51 39+25
Heat-inactivated 15156 53+ 12 0
+Anti-CS mAb 123 + 48 12x9 0
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are suitable for infection. In addition, before
arriving in the liver, sporozoites need to migrate
through cellular barriers in the skin, after inoc-
ulation by mosquitoes (26—28), to reach the
circulatory system. The ability of sporozoites to
traverse host cells is probably essential for this
step of the Plasmodium life cycle.
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