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The obligate intracellular liver stage of the Plasmodium
parasite represents a bottleneck in the parasite life
cycle and remains a promising target for therapeutic
intervention. During this stage, parasites undergo
dramatic morphological changes and achieve one of
the fastest replication rates among eukaryotic species.
Nevertheless, relatively little is known about the
parasite interactions with the host hepatocyte. Using
immunofluorescence, live cell imaging and electron
microscopy, we show that Plasmodium berghei parasites
are surrounded by vesicles from the host late endocytic
pathway. We found that these vesicles are acidic and
contain the membrane markers Rab7a, CD63 and LAMP1.
When host cell vesicle acidification was disrupted using
ammonium chloride or Concanamycin A during the
late liver stage of infection, parasite survival was not
affected, but schizont size was significantly decreased.
Furthermore, when the host cell endocytic pathway
was loaded with BSA-gold, gold particles were found
within the parasite cytoplasm, showing the transport
of material from the host endocytic pathway toward
the parasite interior. These observations reveal a novel
Plasmodium-host interaction and suggest that vesicles
from the host endolysosomal pathway could represent
an important source of nutrients exploited by the fast-
growing late liver stage parasites.
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Within its mammalian host, malaria parasites (Plasmodium
spp.) undergo two asexual replication cycles, first within
hepatocytes and later within red blood cells. The invasion

of hepatocytes by malaria sporozoites is characterized by
the formation of a Parasitophorous Vacuole Membrane
(PVM), a process involving partial invagination of the
host cell plasma membrane (1), although the molecular
players involved in PVM formation and maintenance
remain largely unknown. Once this specialized intracellular
niche is established, parasite replication and growth may
commence. Dramatic morphological as well as gene
expression modifications (2-4) occur at this stage and
the parasites achieve one of the highest replication rates
known within eukaryotic species (5).

The Plasmodium life cycle has been extensively charac-
terized, but relatively little is known about the parasite
interactions with the host hepatocyte. The fast multipli-
cation rate of Plasmodium parasites in the liver imposes
a high demand of nutrients for organelle synthesis and
for this reason hepatocytes represent a favorable envi-
ronment within the mammalian host. Being an obligate
intracellular pathogen during this part of the life cycle also
implies that all acquired nutrients must primarily come
from the host cell. Intracellular pathogens have evolved
different strategies in order to manipulate and divert host
nutrients while evading recognition by the immune sys-
tem. Key to an intracellular lifestyle is the ability to interact
with the host endomembrane system and avoid pathogen
degradation and elimination via fusion with lysosomes.
Intracellular pathogens have evolved a variety of mecha-
nisms to achieve this, for example, by blocking fusion with
the lysosomes, as is the case with Salmonella, Mycobac-
terium and Legionella species (6-8).

Central to the interaction between parasites and the host
is the PVM, a deeply convoluted membrane extending into
the host cell cytoplasm and acting as a barrier between
the parasite and the host. The permeability of the vacuole
membrane has been shown to be actively modified to
allow the passive diffusion of small molecules (<855 Da)
from the host cytosol into the vacuole space through open
channels (9). It was also shown by Strum et al. that the
parasite membrane contains calcium-activated channels
which allow for the passage of molecules from the host
to the parasite cytoplasm (4).

In terms of host organelles, Plasmodium berghei liver
stage parasites have been shown to associate with the
host endoplasmic reticulum at 24 h post-infection (9,10),
although the mechanism and role of this interaction
remains to be elucidated. Recently, a close association
between the PVM and the host mitochondria was
suggested, a process thought to be important in the
scavenging of lipoic acid by parasites (11). In this study, we
establish that P. berghei parasites and the host endocytic
pathway interact, and show that these interactions are
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Figure 1: Plasmodium berghei liver parasites do not interact with compartments of the host early endocytic pathway. Hepa1-6
cells where infected with GFP-P. berghei sporozoites and infection was stopped at various times post-infection. A) Cells were stained
with anti-Early Endosome Antigen 1 (EEA1) (red) and 2E6 (green) antibodies. B) Cells were stained with anti-TfR (red) and anti-GFP
(green) antibodies. C) Hepal-6 cells were transduced with GFP-Rabba (red) prior to infection with P. berghei sporozoites, fixed at the
time-points indicated and subsequently stained with 2E6 antibody (green). Hpi, hours post-infection. Scale bars: 10 um.

crucial for parasite growth during the late stages of liver
infection.

Results

Plasmodium berghei liver parasites are surrounded
by vesicles from the host late endocytic pathway

To identify any possible cellular interactions between host
hepatocyte organelles and P. berghei parasites, proteins
known to be present on different organelles of the mam-
malian endomembrane system were analyzed at various
stages during liver infection, using indirect immunoflu-
orescence. Hepal-6 cells were infected with freshly
dissected green fluorescent protein (GFP)-expressing P.
berghei sporozoites, fixed at various times post-infection
and stained for early and recycling endosomes, using
the widely used protein markers early endosome anti-
gen 1 (EEA1) and transferrin receptor (TfR), respectively
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(Figure 1A and B and separate channels in Figure S1A).
To visualize Rabba-positive vesicles, Hepal1-6 cells were
transduced with GFP-Rabba prior to infection (Figure 1C).
The parasite cytoplasm was stained either using 2EG6,
which recognizes P. berghei cytoplasmic heat-shock pro-
tein 70 or anti-GFP antibodies. We found that there was
no specific reorganization or accumulation of either early
or recycling endosomes in P. berghei-infected cells, in
the time-points studied. Conversely, when similar exper-
iments were performed using membrane markers of
late endosomes and lysosomes, such as Lysosome-
Associated Membrane Protein 1 (LAMP1) (Figure 2A),
GFP-Rab7a (Figure 2B and separate channels in Figure
S1B) and CD63 (LAMP3) (Figure 2C), a distinctive accu-
mulation of labeled structures was seen surrounding
P. berghei parasites. The same accumulation pattern
of LAMP1-stained structures was observed in infected
murine primary hepatocytes, suggesting that this phe-
nomenon is physiologically relevant (Figure S1C).
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Figure 2: Plasmodium berghei liver parasites are surrounded by vesicles from the host late endolysosomal pathway.
A) Hepal-6 cells where infected with P. berghei sporozoites and infection was stopped at various times post-infection. Cells
were stained with anti-LAMP1 antibody (red) and the anti-UIS4 (PVM marker) antibody (green). Three representative images for each
time-point are shown. Nuclei were stained with DAPI. Insets show the individual stainings (top, anti-UIS4; bottom, anti-LAMP1).
B) Hepa1-6 cells were transduced with GFP-Rab7a (red) prior to infection with P. berghei sporozoites, fixed at the time-points indicated
and subsequently stained with 2E6 antibody (green). C) Samples were stained with anti-CD63 (red) and anti-GFP (green) antibodies. Hpi,
hours post-infection. Scale bars: 10 um.
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Figure 3: Plasmodium berghei parasites are surrounded by vesicles originating from the host endocytic pathway. A) Hepa1-6
cells were infected with P. berghei sporozoites and samples were prepared for TEM analysis 24 h post-infection. Electron micrograph
showing a parasite cross section with the parasite membrane (arrows), the PVM (arrowheads) and various host vacuoles surrounding
the PVM (filled arrowheads). Insets show two serial sections of the areas highlighted. N, host nucleus. Scale bars: 1 um and 500 nm in
insets. B) Electron micrograph of a P. berghei parasite 44 h post-infection where cells were incubated with HRP for 12 h prior to fixation,
followed by DAB reaction. HRP appears in black. The parasite membrane (arrows), the PVM (arrowheads) and various HRP vacuoles
surrounding the PVM (filled arrowheads) are indicated. Insets show two magnified images of the areas highlighted. Scale bar: 3um and

500 nm in insets. Hpi, hours post-infection.

To further characterize these structures, samples were
prepared for Transmission Electron Microscopy (TEM).
At 24 h post-infection, the PVM of P. berghei parasites
within Hepa1-6 cells was surrounded by various types
of host organelles, resembling multivesicular bodies and
lysosome-like structures containing internal membranes
and vesicles of various sizes (Figure 3A). To determine
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whether these structures were derived from the endolyso-
somal pathway, cells were infected and incubated with
horseradish peroxidase (HRP) for 12h prior to fixation.
Using this approach, HRP is taken up by cells through
endocytosis, and traffics through the entire endocytic
pathway. After fixation, a diaminobenzidine (DAB) reac-
tion was performed, allowing the visualization of the HRP
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Figure 4: Kinetics of acquisition of LAMP1 and transferrin receptor-positive vesicles surrounding Plasmodium berghei liver
parasites. A) Images of intracellular parasites where (a) positive and (b) negative vesicle aggregation can be observed. Radial intensity
plots for each parasite showing cytoplasmic levels (dashed lines) and the fluorescence intensity peak in the case of aggregation around

the parasite (arrow). Parasites are shown in green and vesicles in red. Scale bar: 10 um. B) Hepa1-6 cells were infected with P. berghei

sporozoites, infection was stopped at the time-points indicated and processed for immunofluorescence analysis. Cells were either
stained with anti-LAMP1 (red line) or anti-TfR antibody (black line). At least 50 internalized parasites per time-point were analyzed and
scored for either positive or negative aggregation of stained vesicles. C) In the same experiment as in (B), mean parasite size was
calculated for each time-point by measuring the area occupied by parasites in um? using ImageJ software. D) Hepal-6 cells were
infected with 4 x 10* sporozoites and infection was stopped at the time-points indicated. Cells were stained with 2E6 and anti-UIS4
antibodies, to distinguish intracellular parasites. The total number of parasites in each coverslip was counted. Shown are mean values

of triplicate samples for the time-points indicated.

throughout the endolysosomal pathway. Multiple HRP-
containing vesicles were seen within 5-20nm of the
PVM (Figure 3B), indicating that the structures that aggre-
gate around the parasite PVM originate from the host
endolysosomal pathway.

To quantify the host vesicle aggregation, at least 50
parasites within Hepal-6 cells at various times post-
infection, were stained and scored for either ‘positive’
or ‘negative’ aggregation (see Materials and Methods and
Figure 4A). During the early hours of infection (between
3 and 12h post-infection), 50 to 70% of the parasites
analyzed had a significant accumulation of LAMP1-stained
vesicles and this number increased to 100% by 20 h post-
infection (Figure 4B, red line). As expected, when the
same quantification was done for TfR-positive vesicles, no
accumulation was observed throughout the entire duration
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of the liver infection (Figure 4B, black line). To rule out
that vesicle aggregation was an artifact of the parasite
occupying most of the host cytoplasm during growth, the
average size of parasites, calculated by measuring the area
of parasite cytoplasm, was determined (Figure 4C). We
observed that LAMP1-positive vesicle aggregation occurs
in 100% of parasites before any significant parasite size
increase occurs (after 20 h post-infection), suggesting that
LAMP1-vesicle aggregation is not due to the parasite
occupying a large area of the host cell cytoplasm.

As not all parasites that invade hepatocytes are able
to survive and reach the later stages of liver infection
(Figure 4D), we initially hypothesized that the vesicles
surrounding Plasmodium parasites were part of the cell
defense mechanisms, in an attempt to degrade and
eliminate growing parasites. This is typically achieved
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by fusion of highly acidic degradative lysosomes with the
vacuole membrane of intracellular pathogens, allowing
for the active proteases within the acidic lysosome
environment to be discharged into the vacuole space
(12). As a significant number of parasites are able to
survive and develop to produce viable merozoites, we
concluded that some parasites are able to subvert this
host cellular defense mechanism in order to establish a
successful infection. Thus, we proceeded to analyze the
relative acidity of the structures surrounding parasites and
their possible role during P. berghei infection.

Plasmodium berghei parasites are surrounded

by acidic vesicles

Live cell imaging using GFP-P. berghei-infected cells
was performed to investigate the relative acidity of
the vesicles surrounding parasites throughout the
infection cycle. LysoTracker®Red is a dye that is freely
permeable to cell membranes and selectively accumu-
lates in cellular compartments with a low internal pH,
such as lysosomes. Hepal-6 cells were infected with
GFP-P. berghei sporozoites and infection was allowed
to proceed. LysoTracker®Red was added to the cells
5 min prior to visualization and representative images of
selected time-points are shown in Figure 5. As expected,
LysoTracker®Red-positive vesicles clustered around
P. berghei parasites throughout hepatocyte infection in
a punctate pattern (Figure 5A). This is markedly different
from the pattern observed when these cells were
fed latex beads, where fusion with acidic lysosomes
occurs and LysoTracker®Red becomes evenly distributed
throughout the perimeter of the bead (Figure S2A).
Time-lapse microscopy allows the visualization of the
movement and dynamics of vesicles, a dimension that is
lost in fixed cells. Interestingly, using this technique we
observed that some vesicles stabilized on the parasite
vicinity and stopped movement altogether (Figure 5B,
dashed square), while others were seen in close contact
with the parasite, but then moved away (Figure 5B, arrow,
and Movie S1). Notably, the area occupied by the parasite
was always negative for LysoTracker®Red.

To further analyze the luminal pH of these vesicles, we
used pHrodo™dextran, a pH-sensitive dye that is non-
fluorescent in neutral pH, fluoresces bright red as the
pH decreases and enters the cell through endocytosis.
Hepal-6 cells were incubated with this dye for 12-16h
followed by washing and chasing in growth medium for
2-3h. Using this protocol, pHrodo™dextran accumulates
in late endosomes/lysosomes. GFP-P. berghei parasites
in cells incubated with pHrodo™dextran showed acidic
vesicles in close proximity to the PVM, in a punctate
staining pattern, at all time-points tested (Figure 6).
Conversely, when the same cells were fed latex beads,
we observed a continuous fluorescent rim, consistent
with internal vacuole acidification (Figure S2B). As seen
with LysoTracker®Red, pHrodo™dextran did not stain the
parasitophorous vacuole area, suggesting that the internal
vacuole space does not become acidic.
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Interfering with host acidic vesicles disrupts parasite
growth

To investigate the role of the vesicles that aggregate
around P. berghei vacuoles during liver infection, we
proceeded to interfere with their biogenesis and function.
A key aspect of lysosomes is their low internal pH,
which is instrumental for their function (13). Lysosome
function can be disrupted by dissipating the pH gradient
across lysosomes, using a weak base such as ammonium
chloride (NH4CI) (14), or by inhibiting the v-ATPase pump
using drugs such as Concanamycin A (15,16). Both
methods were used in the context of malaria liver cell
infection.

To confirm that these treatments were affecting Hepa-
6 as expected, cells treated with 25mm NH4Cl or
0.1nM of Concanamycin A for 24h were fixed and
stained with anti-LAMP1. Late endosomes/lysosomes
were compromised in their morphology after NH4CI
or Concanamycin A treatment as previously described
(16,17) (Figure 7A). Consistently, when cells were
incubated with pHrodo™dextran and treated with NH4Cl
or Concanamycin A, the fluorescence intensity of the
pHrodo™dextran staining decreased significantly (Figure
7A). Quantification of the fluorescence intensity of these
pHrodo™dextran-stained vesicles showed that the ones
with a high intensity value (very acidic) disappeared and
only vesicles with a low fluorescence intensity (less acidic)
remained in the treated cells (Figure 7B—D). No significant
cell death was observed even after prolonged treatments
(24h) (data not shown). Hepal-6 cells were infected
with freshly dissected P. berghei parasites and infection
proceeded for 16h, a time when parasite replication
and growth is initiated. Cells were then incubated with
either growth medium (control), 25 mmM NH4Cl or 0.1 nm
Concanamycin A and fixed for immunofluorescence
staining at 40 h post-infection. Total number of parasites
per coverslip and schizont size were quantified. Although,
the total number of parasites at 40 h post-infection was
not altered (Figure 7E) suggesting that these treatments
did not affect parasite survival, mean schizont size was
significantly decreased in treated cells when compared
to control cells (mean size of 96.19um? in control versus
30.71um? in NH4Cl and 53.65um? in Concanamycin A-
treated cells, p=0.0001; Figure 7F and G). These results
point toward a possible role of host acidic vesicles in
parasite growth rather than in parasite killing, during the
late stages of liver infection.

Collectively, our data suggest that vesicles from the host
endolysosomal pathway play a role in P. berghei late liver
parasite growth, possibly acting as a source of nutrients.

Interestingly, electron micrographs of parasites at 24h
post-infection revealed various small vesicles with sizes
ranging from 30 to 150 nm between the PVM and the
parasite membrane (Figure 8). These were very similar to
the nearby host vesicles and their content (Figure 8Ca).
Although it cannot be excluded that these small vesicles
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Figure 5: LysoTracker®Red acidic vesicles aggregate around P. berghei liver parasites. A) Hepa1-6 cells were infected with GFP-P.
berghei sporozoites and infection was allowed to proceed. Prior to visualization at the indicated time-points, LysoTracker®Red was
added to the cells. Parasites are shown in green and LysoTracker®Red-stained vesicles are shown in red. Scale bar: 5um. B) Time-lapse
images showing the dynamic movement of LysoTracker®Red positive vesicles around a P. berghei parasite at 16 h post-infection. A
vesicle that moves toward the parasite and stabilizes on the PVM (dashed square) and another that moves away from the PVM (arrow)
are indicated. Full movie can be watched in Movie S1. Hpi, hours post-infection. Scale bar: 5um.

originated from the parasite exocytic pathway, we tested
whether some of these vesicles could be originating
from the host endolysosomal pathway. When cells were
incubated with HRP for 12 h prior to fixation and DAB his-
tochemistry, it was possible to find DAB reaction product
within parasite vacuoles, at 44 h post-infection (Figure 9A).
Although HRP is a very sensitive probe, the DAB reac-
tion product can disperse when not confined within a
membranous organelle and become difficult to distin-
guish from the surrounding electron dense cytoplasm.
Therefore, cells were incubated with another fluid phase

Traffic 2012; 13: 1351-1363

marker which is endocytosed similarly to HRP, namely
BSA-gold, for 16 h prior to fixation, allowing the uptake and
distribution of gold particles throughout the host endocytic
pathway. We observed gold particles in four distinct loca-
tions: in vesicles from the host endolysosomal pathway
(Figure 9Ba); in vesicles within the parasitophorous
vacuole (Figure 9Ba); in vesicles inside the parasite
(Figure 9Bb); and in the parasite cytoplasm (Figure 9Bc).
In host cells, as expected, gold particles were only
observed within membrane-bound vesicles from the host
endolysosomal pathway. Thus, the presence of gold inside
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Figure 6: Plasmodium berghei liver parasites are surrounded by acidic vesicles but maintain a neutral vacuole pH. For
visualization of parasites at 3 and 6h post-infection, Hepal1-6 cells were incubated with pHrodo™dextran (red and pseudocolored)
overnight prior to washing and infection with GFP-P. berghei (green). For visualization of parasites at 24 and 44 h post-infection,
Hepa1-6 cells were infected with GFP-P. berghei parasites and once parasites had invaded, cells were incubated with pHrodo™dextran.
pHrodo™dextran vesicles are either shown in red or have been pseudocolored so that less intense vesicles (more neutral) are purple
and more acidic vesicles are pink/white. Hpi, hours post-infection. Scale bars: 10 um.

parasites strongly suggests an influx of cargo originating
from the host endocytic pathway, which is able to cross
both the PVM membrane and the parasite membrane.

We then tested the effect of disrupting late endocytic
vesicle fusion and function on the traffic of endocytic
cargo into the parasite vacuole, using NH4Cl, as this was
the treatment with the most striking effect on parasite
growth. For this, infected cells were incubated with control
growth medium or 25mmM NH4Cl after 16 h of infection,
and BSA-gold was added 16 h prior to fixation at 44 h post-
infection. Samples were prepared for conventional TEM
and random sections were analyzed for gold content inside
the parasite vacuole (Figure 9C). As predicted, only 10%
of the parasites analyzed had at least one gold particle (in
a random section) in NH4Cl-treated cells, compared with
40% of parasites in the control sample. The number of gold
particles per parasite was also dramatically decreased,
with an almost 40-fold difference in the number of gold
particles per parasite in control versus NH4 Cl-treated cells.
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These results suggest that delivery of endocytic contents
to the parasitic vacuole and to the parasite is severely
inhibited by NH,4Cl treatment.

Interestingly, various host vesicles containing gold
particles were observed in very close proximity to the
PVM (<20nm), suggesting the formation of membrane
contacts between the two structures (Figure 9D). These
contacts were observed in both control and NH,Cl-treated
cells, indicating that NH4Cl treatment did not prevent
their formation, but probably inhibited subsequent fusion
with the PVM.

Discussion

Here, we present for the first time evidence that P. berghei
liver parasites are surrounded by host late endosomes
and lysosomes while no clear aggregation of early and

recycling endosomes was observed. Furthermore, we
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A B
C
D
E F G

Figure 7: Disruption of host vesicle acidification impairs P. berghei liver growth. A) Hepal-6 cells were incubated with growth
medium (control), 25 mm NH4Cl or 0.1 nm Concanamycin A for 24 h and either prepared for immunofluorescence and stained with
anti-LAMP1 antibody (top panel) or incubated with pHrodo™dextran (bottom panel). pHrodo™dextran images are pseudocolored so that
less intense vesicles (more neutral) are purple and more intense vesicles (more acidic) are shown in pink and white. Scale bar: 10 um.
B) Quantification of the mean intensity of pHrodo™dextran-stained vesicles in control cells. C) Quantification of the mean intensity of
pHrodo™dextran-stained vesicles in NH,Cl-treated cells. D) Quantification of the mean intensity of pHrodo™dextran-stained vesicles in
Concanamycin A-treated cells. E) Hepa1-6 cells were infected with P. berghei sporozoites and infection was left to proceed for 16h
before the addition of growth medium (control), 256 mm NH4Cl or 0.1 nm Concanamycin A. Samples were fixed at 40 h post-infection and
stained with 2E6 antibody. The total number of parasites at 40 h post-infection in triplicate wells was quantified. F) In the same experiment
as in E, schizont size was quantified by measuring the area occupied by schizonts in um?. *p-Value =0.0001. G) Representative images
of parasites at 40 h post-infection in control, NH,Cl and Concanamycin A-treated cells stained with 2E6 antibody. Scale bars: 5 um.

show that parasites are surrounded by highly acidic vesi-
cles and that disruption of host cell vesicle acidification
results in delayed parasite growth. Taken together, these
observations reveal a novel Plasmodium—host cellular
interaction, where host vesicles from the endolysosomal
pathway could be important for schizont development.

The cellular and molecular interactions that occur
between the malaria parasite and the host liver cell

Traffic 2012; 13: 1351-1363

remain largely unknown. In this study, we show that
Plasmodium parasites are surrounded by host late
endosomes/lysosomes, as determined by the presence
of the markers LAMP1, Rab7a, CD63, LysoTracker®Red,
pHrodo™Dextran and TEM vesicle morphology. Inter-
estingly, a similar observation has been made for the
related apicomplexa Toxoplasma gondii where parasites
in VERO cells were surrounded by LysoTracker®Red and
LAMP1-containing structures (18).
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A B

Figure 8: Plasmodium vacuoles contain material with similar morphology to that found in host vesicles. A) Hepa1-6 cells were
infected with P. berghei sporozoites and samples were prepared for TEM analysis at 24 h post-infection. Electron micrograph showing
a parasite cross section where the vacuolar space is seen. Inset shows the area highlighted, where multiple small vesicles are visible
within the vacuole space. Parasite membrane (arrows) and the PVM (arrowheads) are indicated. N, host nucleus. Scale bars: 1 um and
500 nm in inset. B) In order to confirm the integrity of the parasite shown in (A), a different serial section of the same parasite is shown.
It is possible to see the integrity of the parasite nucleus (n) as well as parts of the inner membrane complex (arrows). Scale bar: T um.
C) Another example of a TEM image of a P. berghei parasite at 24 h post-infection where the parasitophorous vacuole space can be
seen full of small vesicles which are between 30 and 150 nm in diameter and resemble the contents of nearby host structures. Inset
shows area highlighted. Parasite membrane with its inner membrane complex (arrows), the PVM (arrowheads) and host vacuoles (*)

are indicated. Scale bar: 1 um and 300 nm in inset. Hpi, hours post-infection.

As we showed that lysosomes surround the parasite,
we decided to investigate their role during Plasmodium
development. Two alternative hypotheses are that these
vesicles act as a host defense mechanism, or alternatively,
that they could somehow be used by the parasite for
its own benefit, possibly as a rich source of nutrients.
When we disrupted host vesicle acidification during the
replicative stage of parasite development, using NH4Cl
or Concanamycin A, which compromises trafficking and
fusion, we observed no effect on parasite infection rates.
This suggests that the lysosomes surrounding parasite
vacuoles are not responsible for parasite clearance during
late-liver infection. Furthermore, the interaction of viable
parasites with the host endolysosomal pathway does not
appear to involve fusion between highly acidic vesicles,
such as mature lysosomes, as our data indicate that there
is no acidification of the parasitophorous vacuole. Indeed,
it would be expected that highly acidic vesicle contents
discharged into the parasitophorous vacuole space would
severely compromise parasite viability, which clearly does
not happen, at least to a significant population of parasites
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that is able to withstand liver stage development and
produce viable merozoites. We speculate that fusion with
highly acidic vesicles with the PVM could be important
in the clearance of those parasites that do not withstand
the entire liver stage, although we could not measure
the acidity of dying parasite vacuoles as they are quickly
eliminated in culture conditions.

Surprisingly, when host acidic vesicles were disrupted
during the growth phase of parasite development,
parasites were significantly smaller at 40 h post-infection
compared to control cells, pointing toward the hypothesis
that late endocytic vesicles could be an important nutrient
source for Plasmodium late liver stage development. We
speculate that compartments of the host endolysosomal
pathway fuse with the PVM but, in order to avoid degra-
dation following the discharge of the highly acidic content
of mature lysosomes, parasites need to be able to control
precisely these fusion events. This selective fusion pro-
cess could avoid the discharge of the highly degradative
mature lysosome contents into the parasite vacuole
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Figure 9: Material originating from the host endocytic pathway is able to traverse the Plasmodium parasitophorous vacuole
membrane and the parasite membrane. A) Electron micrograph of a P. berghei parasite at 44 h post-infection where cells were
incubated with HRP for 12 h prior to fixation, followed by DAB reaction. HRP appears in black. Insets show a higher magnification of the
area highlighted. HRP vacuoles are found around the PVM (arrow) but also inside the parasite (filled arrowhead in inset). Scale bar: 3
and Tumininset. B) TEM image of a P. berghei parasite at 44 h post-infection where cells were incubated with 10 nm BSA-gold for 16 h
prior to fixation. A cell containing a parasite was identified and then serial sections were examined to determine the gold distribution.
Gold particles were observed in four distinct locations: (a) in host vesicles from the host endocytic pathway; (b) in vesicles within the
parasitophorous vacuole space; (c) in vesicles inside the parasite membrane and (d) in the parasite cytoplasm. Parasite membrane
(arrows) and the PVM (arrowheads) are indicated. Scale bar: 3um and 200 nm in (a), (b) and (c). C) Quantification of gold particles inside
parasite vacuoles in control and NH4Cl-treated cells. The number of gold particles found in random sections was quantified for each
parasite where BSA-gold was fed to infected cells 16 h prior to fixation. D) Example of membrane contacts (arrowhead) between the
limiting membrane of vesicles from the host endolysosomal pathway and the PVM (arrow) in a NH4Cl-treated cell. Scale bar: 500 nm.

space, by only allowing PVM fusion with the more mildly
acidic compartments of the endolysosomal pathway. In
addition, the parasite vacuole could have some pH buffer-
ing capacity, allowing for some acidic content discharge
without a significant decrease in vacuole pH. The pres-
ence of endocytosed BSA-gold in the parasite cytoplasm
implies that following selective discharge of endocytic
contents into the parasite vacuole space, this content can
then be taken up by the parasite. The dramatic decrease
in the amount of BSA-gold particles found inside parasite
vacuoles in NH4Cl-treated cells (Figure 9C) shows that
fusion between the host endolysosome and the PVM was
impaired by this treatment, further suggesting a decrease
in the acquisition of nutrients from the host cell for growth.

Alternatively, Plasmodium could have developed a delivery
system such as the one described for Toxoplasma called
H.O.S.T. (Host organelle-sequestering tubule-structures)
(18). This is a unique unidirectional transport mechanism,
where microtubule-based invaginations of the PVM serve
as conduits for the delivery of a diverse range of
components from the host endolysosomal pathway to the
Toxoplasma vacuole. Future studies should investigate
whether this mechanism is also used by intrahepatic
Plasmodium sporozoites although similar structures were
never observed in our TEM images.

Traffic 2012; 13: 1351-1363

In conclusion, our study provides the basis for a better
understanding of the molecular players underlying parasite
growth in the mammalian host during malaria liver
infection, which may lead to the development of novel
therapeutic approaches.

Materials and Methods

Cell lines and culture conditions

Mouse hepatoma cell line Hepa1-6 (ATTC) was generously provided by
M.M.Mota (IMM, Lisbon) and cells were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) (Gibco/Invitrogen) supplemented with 10% Fetal
Calf Serum (FCS) (Gibco/Invitrogen), 100 U/mL penicillin and 100 ug/mL
streptomycin (Gibco/Invitrogen). Cells were maintained in a humidified
incubator at 37°C and 10% CO,. Primary mouse hepatocytes were
isolated from female C57BL/6 mice (8—10weeks old) according to the
protocol described by Gongalves et al. (19). All mice were bred and
housed at the Instituto Gulbenkian de Ciéncia animal house facility and
animal handling was conducted in accordance with institutional animal care
guidelines and committee-approved protocols.

Parasite strains, cultivation and infection

Plasmodium berghei ANKA and GFP expressing P. berghei ANKA (parasite
line 259cl2) (20) salivary gland sporozoites were collected from infected
female Anopheles stephensi mosquitoes. Mosquitoes were bred in the
insectarium of the Instituto de Medicina Molecular, Lisbon, and were
kindly provided by M.M.Mota. Mosquitoes infected with P. berghei or
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GFP-P. berghei parasites were dissected between days 20 and 24 after the
infectious blood meal. Mean number of sporozoites was determined using
a hemocytometer. Parasites were added to confluent cells on coverslips
and plates were centrifuged at 3000 rpm for 5 min at 4°C for parasites to
come into contact with the cells.

Immunofluorescence microscopy sample preparation
Hepal-6 cells (9 x 10%) were seeded on coverslips on 24-well plates.
At the appropriate time-points, cells were washed twice with PBS, and
fixed with 4% paraformaldehyde (PFA) (Electron Microscopy Sciences) in
PBS for 15min at room temperature. Cells were washed twice in PBS
and incubated for 10min with 10nm NH4Cl to quench the remaining
PFA. Cells were blocked and permeabilized with 1% BSA (Bovine Serum
Albumin, Sigma), 0.05% saponin (Sigma) and 1% FCS (Gibco/Invitrogen) in
PBS for 30 min. Cells were incubated with primary antibodies in the same
solution for 1 h. After washing in PBS, cells were incubated with secondary
antibodies in the same solution for 30 min. To visualize the nucleus, cells
were incubated with DRAQ5 (1:300 in PBS) (Biostatus Limited) for 10 min
or DAPI (Invitrogen) for 1 min. Samples were mounted using MOWIOL
mounting medium (Calbiochem).

Antibodies and dilutions used are as follows: 2E6 (kindly provided by
M.M.Mota, 1:2500), anti-UIS4 (kindly provided by M.M.Mota, 1:500), anti-
GFP (Invitrogen, 1:100), anti-EEA1 (Sigma, 1:500), anti-TfR (Zymed, 1:100),
anti-LAMP1 (Hybridoma Bank, University of lowa, 1:300) and anti-CD63
(MBL International, 1:500). Secondary antibodies goat anti-mouse Alexa
and goat anti-rabbit Alexa (Invitrogen) were all used at 1:400. The 2um
latex beads were from Sigma.

Virus production and cell transduction

cDNA of mouse Rabba and Rab7a, including the UTR, were amplified and
cloned into the modified mammalian vector pEGFP as described by Lopes
et al. (21). The resulting plasmids were used to generate pAd adenoviral
vector and viral particles as described previously (22). Adequate virus titers
to give GFP expression in 80-90% of cells were used and added to cells
for at least 20 h of plasmid expression.

Live cell imaging

Hepal-6 cells (4 x 104) were seeded on glass bottom culture dishes
(MatTek Corporation) and infected with 5 x 104 GFP-P. berghei
sporozoites. Samples were visualized using an inverted Leica SP5 confocal
microscope with a resonance scanner and fitted with a temperature and
CO, control chamber. LysoTracker®Red (Invitrogen) was added to cells
according to the manufacturer’s protocol. To visualize acidic vesicles,
pHrodo™Dextran (Invitrogen) was added to cells (70 ug/ml) for 12-16h,
then washed with growth medium and incubated for a further 2-3h
(chase) to accumulate the dye in the late lysosomal pathway. Acquisition
settings were not changed between different samples.

The 2 um latex beads were incubated with cells for 3 h, washed with growth
medium before the addition of LysoTracker®Red and visualization. For
pHrodo™dextran experiments, cells were incubated with pHrodo™dextran
for 16 h, washed and beads were added during the 3-h chase.

Drug concentrations

Ammonium chloride (NH4Cl) (Sigma) was incubated with cells at a final
concentration of 25 mm in growth medium. Concanamycin A (Sigma) was
used at 0.1 nm in growth medium.

Image analysis

Infection rate, unless otherwise stated, reflects the total number of
parasites in one coverslip. Nuclei were also counted to ensure similar
cell confluency in all samples. To measure schizont size, between 20 and
30 images of liver schizonts, for each condition, were acquired using an
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SP5 Leica confocal microscope. The circumference of each schizont was
drawn manually, and schizont area (in umz) was calculated automatically
using Imaged (NIH).

To quantify vesicle aggregation around P. berhgei parasites at least 50
parasite vacuoles, for each time point, were scored for either ‘positive’
or ‘negative’ aggregation. Radial intensity profiles (ImageJ) were analyzed
for each parasite and aggregation was only scored ‘positive’ when a peak
of fluorescence intensity (at least two times that of the cell cytoplasmic
levels) was found within 3 um of the parasite edge. Results are shown as
a percentage of total parasites counted for each time point.

EM sample preparation

Hepa1-6 cells were infected with GFP-P. berghei parasites and at 3-5 hpi
were cell-sorted to enrich for infected cells using a FACSAria cell sorter
(BD). Sorted cells were seeded on Thermanox (Nunc) coverslips and further
incubated in growth medium until ready to fix at the indicated time-points.
Cells were fixed in 2% PFA (Sigma) and 2% glutaraldehyde (Electron
Microscopy Sciences) in 0.1 M sodium cacodylate buffer for 30 min. After
washing in 0.1 M sodium cacodylate buffer, cells were post-fixed in 1.5%
potassium ferricyanide (Sigma) and 1% Osmium tetroxide (Sigma) for 1h
on ice. Cells were subsequently incubated in 1% tannic acid in 0.05m
sodium cacodylate for 45 min and dehydrated in ethanol (70%, 90% and
absolute). Coverslips were then transferred to 1:1 propylene oxide: Epon
for 1h, followed by two changes and embedding in Epon.

Ultra-thin sections (70nm) were stained with lead citrate before
examination on a JEOL 1010 TEM (Welwyn Garden City, UK). Images
were taken with a Gatan OriusSC100B charge-coupled device camera and
analyzed with Gatan Digital Micrograph and ImageJ (NIH).

Fluid phase HRP loading and DAB reaction

To load vesicles from the endocytic pathway with HRP (Sigma), cells were
incubated for 12-16h with HRP (6 mg/mL, Sigma) in growth medium,
washed and further incubated for 2—-3 h before fixation with 2% PFA and
2% glutaraldehyde in 0.1 M sodium cacodylate buffer for 30 min. Cells were
then washed in 0.1m Tris Buffer (pH 7.6) and incubated with 0.1m Tris
buffer containing 100 pg/mL diaminobenzidine (DAB) (Sigma) and 0.015%
H, O, (Sigma) at room temperature in the dark for 30 min. Cells were
washed with 0.1 m Tris buffer, osmicated, dehydrated and embedded as
described above.

BSA-gold production and uptake
A 10nm BSA-gold was produced following the protocol described by Slot
and Geuze (23).

BSA-gold was added to the culture medium and allowed to enter cells for
16 h before fixation and TEM sample preparation as described above.

Statistical analysis

Statistical analysis was performed using Prism software (GraphPad
Software Inc.) using an unpaired Student ¢ test; p < 0.05 was considered
statistically significant. Unless otherwise stated, graphs show mean of
triplicate samples with £SEM.
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Supporting Information

Additional Supporting Information may be found in the online version of
this article:

Figure S1: Plasmodium berghei parasites are surrounded by GFP-
Rab7a but not transferrin receptor in Hepa1-6 cells, and are
surrounded by LAMP1-positive vesicles in isolated mouse primary
hepatocytes. A) Hepal-6 cells where infected with GFP-P. berghei
sporozoites and infection was stopped at various times post-infection.
Cells were stained with anti-TfR (red) and anti-GFP (green) antibodies.
Same images as in Figure 1 with separate color channels shown here for
clarity. B) Hepal1-6 cells were transduced with GFP-Rab7a (red) prior to
infection with P. berghei sporozoites, fixed at the time-points indicated and
subsequently stained with 2E6 (green). Same images as in Figure 2 with
separate color channels shown here for clarity. C) Isolated primary mouse
hepatocytes were infected with GFP-P. berghei sporozoites and fixed at
the time-points indicated. Cells were stained using anti-LAMP1 antibody
(red) and anti-GFP (green). Hpi, hours post-infection. Scale bars: 10 um.

Figure S2: Hepal-6 cells internalize latex beads and fuse with
LysoTracker®Red and pHrodo™dextran-positive. A) Hepa1-6 cells were
fed latex beads (bright field) for 3 h before the addition of LysoTracker®Red
and visualization. Scale bar: 5um. B) Hepa1-6 cells were incubated with
pHrodo™dextran for 16 h, washed and latex beads were added during the
3h chase. Scale bar: 5um.

Movie S1: Movement of LysoTracker®Red acidic vesicles in the
vicinity of Plasmodium berghei liver parasites. Hepal-6 cells were
infected with GFP-P. berghei sporozoites and infection was allowed to
proceed. Prior to visualization LysoTracker®Red was added to cells. Time-
lapse images showing GFP-P. berghei parasite at 16 h post-infection in
green and LysoTracker®Red stained vesicles shown in red. Representative
images are shown in Figure 5. Scale bar: 5um.

Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.
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