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During blood-stage infection by Plasmodium falciparum,merozoites
invade RBCs. Currently there is limited knowledge of cellular and
molecular invasion events, and no established assays are available
to readily measure and quantify invasion-inhibitory antibodies or
compounds for vaccine and drug studies. We report the isolation
of viable merozoites that retain their invasive capacity, at high pu-
rity and yield, purified by filtration of highly synchronous popula-
tions of schizonts. We show that the half-life of merozoite invasive
capacity after rupture is 5 min at 37 °C, and 15 min at room temper-
ature. Studying the kinetics of invasion revealed that 80% of inva-
sion events occur within 10 min of mixing merozoites and RBCs.
Invasion efficiency was maximum at low merozoite-to-RBC ratios
and occurred efficiently in the absence of serum and with high con-
centrations of dialyzed nonimmune serum. We developed and op-
timized an invasion assay by using purifiedmerozoites that enabled
invasion-inhibitory activity of antibodies and compounds to bemea-
sured separately from other mechanisms of growth inhibition; the
assay was more sensitive for detecting inhibitory activity than
established growth-inhibition assays. Furthermore, with the use of
purified merozoites it was possible to capture and fix merozoites at
different stages of invasion for visualization by immunofluores-
cence microscopy and EM.We thereby demonstrate that processing
of the major merozoite antigen merozoite surface protein-1 occurs
at the time of RBC invasion. These findings have important implica-
tions for defining invasion events and molecular interactions, un-
derstanding immune interactions, and identifying and evaluating
inhibitors to advance vaccine and drug development.
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Malaria resulting from Plasmodium falciparum infection is
a major cause of mortality and morbidity, particularly

among young children (1, 2). There is an urgent need for an ef-
fective vaccine and new antimalarial agents to reduce the burden
of malaria and combat drug resistance. The pathogenic processes
of malaria occur during blood-stage infection when merozoites
invade RBCs and replicate inside them. During RBC invasion P.
falciparum merozoites use multiple receptor–ligand interactions
in a series of coordinated events, but current knowledge of these
interactions and mechanisms of invasion are limited (3, 4). This
has impeded the development of approaches to block essential
interactions with vaccine-induced antibodies or with molecules
that could be used therapeutically.
Merozoite antigens are amajor focus of vaccine development, in

which immunization generally aims to induce antibodies that in-
hibit invasion and subsequent replication (5). Antibodies to mer-
ozoite antigens are also believed to be important in mediating
acquired immunity (6–8). Inhibitory compounds also have signif-
icant potential for therapeutic development (9, 10). However, very
few invasion-inhibitory compounds have been identified to date
because of a lack of suitable methods to test potential inhibitors

and a limited understanding of processes that could be targeted.
Standard assays measure total growth inhibition (11–14), which
could be mediated by inhibitory effects acting at different stages of
parasite development. These assays are typically not able to spe-
cifically measure invasion-inhibitory activity or to dissect the tim-
ing of action of inhibitory antibodies and compounds.
Very little is known about merozoite survival after release or

the kinetics of invasion, yet this knowledge is important to un-
derstanding immune effector mechanisms and advancing vaccine
and drug development. It is widely thought that merozoite sur-
vival following release from schizonts is very brief, and that in-
vasion must occur rapidly, within seconds to minutes (15, 16).
Most attempts to purify merozoites that retain their invasive ca-
pacity from human malaria parasites have been unsuccessful (17)
or yielded merozoites with very low invasive capacity. This has
hindered the development of methods to fix and image mer-
ozoites in the process of invasion by standard microscopy, fluo-
rescence microscopy, or EM. An improved understanding of
invasion, and an ability to image events and identify and quantify
inhibitors, would facilitate a more targeted approach to vaccine
and drug development. Isolation of viable merozoites from a re-
lated species Plasmodium knowlesi has been achieved (18–20), but
there aremajor differences between P. knowlesi and P. falciparum.
We report the isolation of viable merozoites from P. falcipa-

rum, which retain their invasive capacity, at high purity and high
yield. Using these methods, we have advanced our understanding
of merozoite invasive capacity after schizont rupture, the kinetics
of invasion, and conditions for invasion. Furthermore, we have
developed and optimized high-throughput invasion assays that
can be used to test inhibitory compounds and antibodies as well
as methods to study and visualize molecular and cellular inter-
actions during invasion.

Results
Isolation of Merozoites That Retain Their Invasive Capacity. Previous
studies report that merozoites collected from spontaneously
ruptured schizonts, usually several hours after rupture, retain
little or no invasive capacity (17). We explored whether mature
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schizonts could be ruptured, and merozoites purified, by using
filtration. In initial experiments, highly synchronous mature-stage
parasites were isolated (to approximately 95% purity), returned
to culture, andmonitored for rupture.When rupture had begun to
occur, whole parasite preparations were passed through a 1.2-μm
filter to rupture schizonts and isolate free merozoites. Culture of
the merozoite preparation with fresh RBCs confirmed that
a proportion retained invasive capacity, as indicated by the pres-
ence of developing intraerythrocytic parasites.
To increase the yield of merozoites that retained their invasive

potential, purified mature-stage parasites were treated with the
protease inhibitor trans-Epoxysuccinyl-L-leucylamido(4-guani-
dino)butane (E64), which prevents merozoite release from schiz-
onts by inhibiting rupture (21) (Fig. S1). E64 is not thought to
adversely affect merozoites (22); indeed, we found that incubating
merozoites with E64 did not affect their invasive capacity. This
approach enabled us to obtain a parasite preparation enriched for
schizonts. After the majority of parasites were fully developed in
the presence of E64, parasites were pelleted and resuspended into
a small volume of culture media and merozoites were purified by
filtration. Analysis of the filtrate by Giemsa-stained smears and
flow cytometry (which allows for populations of E64 treated
schizonts, uninfected RBCs, free merozoites, RBCs with bound
merozoites, and infected RBCs to be differentiated; Fig. 1A and
Fig. S2) showed that filtration completely disrupted schizonts
and excluded parasitized and nonparasitized RBCs. The resulting
filtrate contained only merozoites and hemozoin crystals. When
added to uninfected RBCs, purified merozoites bound to un-
infected RBCs and a proportion invaded, resulting in highly
synchronous parasites with normal development (Fig. 1 B and C
and Fig. S1). Merozoites from E64-treated cultures had a sub-
stantially higher proportion of merozoites that invaded compared
with untreated parasite cultures (mean ± SEM, 2.1 ± 0.65 times
higher). We typically found that 100 mL of parasite culture (3%
hematocrit, 3% parasitemia) gave a yield of 4 × 108 merozoites.
The integrity of purified merozoites was assessed by immuno-

fluorescence microscopy (IF) and transmission EM. By IF, a high
proportion of merozoites were positive with antibodies to mero-
zoite surface proteins; more than 90% positive for AMA1 and
MSP1-19 and 70% for MSP2. Anti-AMA1 labeled the whole
merozoite surface, confirming that AMA1 is released from the
micronemes and redistributes over the merozoite surface post-
release (Fig. 1D and Fig. S3). Antibodies toRAP1 showed an apical
staining pattern, suggesting that rhoptry proteins involved in in-
vasion had not yet been released (Fig. 1E and Fig. S3). EM further
confirmed that the majority of purified merozoites were intact and
that organelles and key structures were preserved (Fig. 1F).
These experiments were generally undertaken with a GFP-

expressing D10-PfPHG parasite line (23) because it facilitated
identification and tracking of merozoites and invasion events by
flow cytometry and microscopy. However, we have also suc-
cessfully used this protocol to isolate merozoites and obtain in-
vasion of RBCs for the parental D10 and 3D7 lines. Of note, we
found that the majority of merozoite invasion events resulted in
singly infected RBCs (2% of infected RBCs were multiply
infected compared with 26% in standard culture conditions using
equivalent parasitemias and hematocrits; three assays in dupli-
cate). We found that hemozoin crystals can be removed from
merozoite preparations by passage over a magnet column (Fig.
S4). This is important for some applications, such as use in assays
of cellular immune responses. Merozoites in suspension could be
pelleted by centrifugation at 2,000 × g; however, a large amount
of agglutination of merozoites occurred. Despite this, some vi-
ability was retained (mean ± SEM, 50 ± 11% compared with
noncentrifuged controls).

Invasion Efficiency Is Dependent on the Merozoite-to-RBC Ratio. The
efficiency of merozoite invasion was significantly influenced by the

ratio of merozoites to RBCs. As the merozoite:RBC ratio de-
creased, the invasion rate (proportion of merozoites that invaded)
increased (Fig. 2A and Fig. S5B). Maximum invasion rates were
achieved at low merozoite:RBC ratios (i.e., an excess of RBCs).
However, under these conditions, the parasitemia of postinvasion
cultures was low (Fig. S5B). Higher parasitemias were achieved
with high merozoite:RBC ratios (i.e., an excess of merozoites)
with a resulting reduction in invasion rate. There was a small in-
dependent effect of hematocrit on invasion rate. Keeping the
merozoite:RBC ratio fixed, the invasion rate increased in relation
to increasing hematocrit (e.g., invasion rates of 7.1%, 7.7%, and
8.8% at RBC concentrations of 113, 226, and 340 × 103/μL, re-
spectively; one representative experiment). The observation that
increasing the relative concentration of merozoites resulted in
a lower proportion of merozoites invading suggests that there
may be a period of competitive exclusion or interference by
merozoites that is limiting invasion. Alternatively, the number of
RBCs that support efficient invasion may be limited; however,
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Fig. 1. Purification of merozoites and invasion of RBCs. (A) Representative
flow cytometry plot showing different cell populations of free merozoites,
uninfected RBCs, RBCs with bound merozoites and infected RBCs. Note that
this plot shows no infected RBCs (see B, Right and Fig. S1 for FACS plots con-
taining infected RBCs). (B and C) Filtration effectively purifies viable mer-
ozoites from E64-treated schizonts. FACS plots (B) and Giemsa-stained smears
(C) show merozoites of high purity after filtration of E64-treated schizonts
(Left), and that purified merozoites were able to bind and invade RBCs (Cen-
ter), resulting in a highly synchronous population of intraerythrocytic parasites
(Right). (D) Surface labeling of purified merozoites with antibodies to AMA1
[red; counter-stained with DAPI (blue) to label the merozoites’ nucleus]. (E)
Labeling of the rhoptry with antibodies to RAP1. (F) Transmission EM image of
purified merozoites labeled to identify key structures.
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high parasitemias are achievable in standard culture, suggesting
that RBC receptiveness is not the major factor.
For studies here, we generally balanced requirements for in-

vasion efficiency and resulting parasitemia and performed assays
between 0.5 and 2% final hematocrit and high merozoite:RBC
ratios to obtain high parasitemias for FACS analysis, inhibition
studies, and imaging. Invasive efficiency was also influenced by
different RBC preparations, varying by ±25% compared with
average (two assays in triplicate; four different RBC prepara-
tions). We obtained consistently high efficiency of merozoite
invasion; the proportions of merozoites invading were 17.7%,
16.5%, and 14.9% in the three best experiments. For compari-
son, the invasion rate of D10-PfPHG merozoites in standard in
vitro cultures was estimated at 20% to 40% based on the as-
sumption of 16 merozoites per schizont and an observed asexual
replication rate of D10-PfPHG of four- to sevenfold per cycle.
Agitation of cell suspensions (400 rpm on a plate-shaker) for
10 min after mixing merozoites and RBCs increased the invasion
rate and resulting parasitemia by 4.9 ± 1.3 fold (mean ± SEM;
seven assays in triplicate). Of merozoites that did not invade,
a proportion visibly bound the RBC surface and the remainder
persisted as free merozoites (Fig. 1B). Similarly, free merozoites
and RBC-bound merozoites could also be observed in standard
in vitro culture. It was possible to isolate some RBCs with bound
merozoites by flow cytometry and cell sorting (Fig. S2).

Determining Merozoite Survival After Release and Invasion Kinetics.
To determine the kinetics of survival, merozoites were incubated
in culture medium on ice, at 22 °C, or at 37 °C for different times
after purification from schizonts. Merozoites were then mixed
withRBCs and incubated at 37 °C to allow invasion to occur. After

preincubation at 37 °C, the invasive potential of merozoites de-
creased rapidly, with a half-life of 5 min (Fig. 2B), and was similar
after incubation on ice. At room temperature, the invasive half-
life was increased to 15 min; this longer survival has important
practical value, allowing sufficient time to perform treatments or
manipulations ofmerozoites before testing their invasive capacity.
At 40 °C, invasion was reduced to only 16.5 ± 3% (mean ± SEM;
three experiments in duplicate) of the level of invasion observed
at 37 °C, suggesting that high fevers associated with malaria may
impact on parasite replication in the blood stream.
Todefine the kinetics ofmerozoite invasion, we used the invasion-

inhibitor heparin (9) to block invasion so that it occurred for defined
periods of time. Merozoites and RBCs were coincubated and hep-
arin was added at different time points to stop further invasion. We
found that invasion occurred at a steady rate over a period of 10min
and more than 80% of maximal invasion occurred over this time
(Fig. 2C). Although agitation of merozoite:RBC suspensions in-
creased the proportion of merozoites that invaded (described
earlier), it had little effect on the rate of invasion over time. As the
majority of purified merozoites invade within the first 10 min of
mixingwithRBCs, it is possible with thismethod to obtain cultures
that have a much tighter synchronicity than achieved with com-
monly used methods of synchronization; the addition of heparin
can be used to exclude any potential later invasion events without
adversely affecting intraerythrocytic development (9).

Effect of Human Serum on Invasion. Presently it is not known
whether invasion requires, or is enhanced by, serum components.
E64-treated schizonts were washed and filtered in protein free
RPMI-Hepes and then added to RPMI-Hepes with different
concentrations of human serum (heat-inactivated, pooled from
nonexposed donors); serum was used with or without dialysis
against RPMI-Hepes [10,000 molecular weight cut-off (MWCO)
membrane]. Merozoites were allowed to invade RBCs for 1 h, and
cells were then washed and returned to normal culture conditions
(Fig. 2D). Merozoite invasion was maximal in serum-free RPMI-
Hepes, indicating that invasion does not require serum and is not
enhanced by serum. Invasion rates at concentrations as high as
10% dialyzed serum or nondialyzed serum were similar to the
invasion rate in serum-free conditions; 10% serum is typically
used for standard in vitro culture. The invasion rate was sub-
stantially lower in the presence of high concentrations of non-
dialyzed serum (69% reduction with serum at 80%). However,
invasion into dialyzed serum occurred efficiently even at high
concentrations (in 80% serum invasion was 80% compared with
no serum). Therefore, studies of invasion efficiency or inhibitors
can be performed using antibodies or serum components at
concentrations that are close to those in vivo, but can also be
performed under conditions that require an absence of serum
components or protein.

Development of an Invasion Inhibition Assay. Presently, there are no
assays to specifically measure inhibition of invasion. Therefore,
we developed an invasion-inhibition assay (IIA) based on these
methods that would be suitable for high-throughput testing of
antibodies and novel compounds using small volume microtiter
plates and evaluating invasion using flow cytometry. Using this
assay, known invasion inhibitory compounds (Table S1), heparin
(9), AMA1-binding peptide R1 (10), and cytochalasin D (19)
effectively inhibited merozoite invasion (Fig. 3A). EDTA also
inhibited invasion as previously suggested (24), presumably by
interfering with calcium flux, which is thought to be essential for
invasion (25). The anti-AMA1 MAb 1F9 inhibited invasion,
whereas MAb 2C5 did not, as reported (26). Invasion inhibitory
compounds were also tested for activity against schizont rupture.
Heparin, R1, IF9, cytochalasin D, and EDTA at tested concen-
trations showed no activity against schizont rupture (CSC and 2C5
not tested; Fig. 3B). Conversely, the cysteine protease inhibitor
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E64 inhibited schizont rupture, with no activity on invasion. The
serine and cysteine protease inhibitor N-α-Tosyl-L-lysine chlor-
omethyl ketone (TLCK) was inhibitory against both merozoite
invasion and schizont rupture. These findings indicate the speci-
ficity of the assay and its value in distinguishing invasion inhibition
from other mechanisms of growth inhibition. Furthermore, the
IIA was more sensitive than standard growth inhibition assays
(GIAs), in which inhibitors are added to a culture of mature-stage
parasites and incubated for 24 h or longer (11–14). This was
demonstrated using R1 peptide and MAb 1F9 (e.g., the IC50 of
1F9 in GIA was 125 μg/mL compared with 28 μg/mL in merozoite
IIAs; Fig. 3 C and D). Agitation of merozoite:RBC suspensions
did not appear to alter the activity of inhibitors. To the best of our
knowledge, this is the first demonstration of an assay that can
clearly distinguish inhibitors of P. falciparum merozoite invasion
from other growth inhibitory activity.

Imaging Invasion Events. Presently, there are no reliable methods
to fix P. falciparummerozoites in the process of invasion to enable
visualization and identification of invasion interactions or the
processing of merozoite proteins. Using our methods, invading
merozoites and parasites immediately after invasion could be
captured for imaging by IF and EM (Fig. 4). This was achieved by
mixing purified merozoites with RBCs and fixing cells after 2 min.
All stages in merozoite invasion could be observed from initial

contact through to complete invasion. Conditions were also de-
veloped to image merozoites at different stages of invasion by
transmission EM (Fig. 4C). The high invasion rate and ability to
control the timing of invasion using these methods allowed the
efficient and reproducible capture of invading merozoites.
We were able to demonstrate the processing of merozoites

surface protein 1 (MSP1) during invasion. MSP1 is a major
merozoite protein that is cleaved from the merozoite surface by
SUB2, leaving only the short GPI-anchored MSP1-19 fragment
on the surface (27). This event is thought to occur around the time
of invasion; however, this has not been shown directly and its
timing is unclear. Antibodies to the N-terminal block 2 region of
MSP1 and to MSP1-19 were used to examine the processing of
MSP1 during invasion (Fig. 4 A and B). We found that MSP1
block 2 antibodies labeled free merozoites and merozoites that
were bound to the RBC surface, but had not commenced in-
vasion. Among merozoites in the process of invading, the extra-
cellular pole of the merozoites was labeled by antibodies, but the
intracellular apical end of merozoites was not labeled, suggesting
that processing of MSP1 was occurring at the point of invasion.
Merozoites immediately after invasion were not labeled by anti-
bodies to the N-terminal of MSP1, indicating that processing was
complete by this time. In contrast, we found that antibodies to
MSP1-19–labeled merozoites at all stages of invasion from initial
attachment through to complete invasion (Fig. 4A). These find-
ings provide an important insight into processing events during
invasion and may facilitate the identification of specific inhibitors.

Discussion
We have developed and applied approaches to obtain important
insights into the kinetics of invasion and merozoite survival and
merozoite surface antigen processing. It was previously thought
that merozoite survival after release was very brief and that
merozoites must invade RBCs within seconds or no later than 1 to
2min.We found the half-life of merozoite invasive potential was 5
to 6 min at 37 °C, and most invasion events occurred over a period
of 10 min. This survival period is considerably longer than
expected and may be important physiologically. Parasitized RBCs
sequester in vascular beds and are thought to develop through to
schizonts while bound to endothelial cells. Presumably, merozoite
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ozoites. (A) Various inhibitory and noninhibitory compounds and antibodies
were tested for their ability to inhibit invasion of purified merozoites in IIAs.
Invasion is expressed as a proportion of control. The concentration of inhib-
itors is in μg/mL unless otherwise indicated. Data are mean ± range of two
assays in duplicate. (B) Compounds were tested for inhibition of schizont
rupture by incubating with late stage parasites and measuring parasitemia
and schizont rupture by flow cytometry over time. Rupture is expressed as
a proportion of control. Data are mean ± range of two assays in duplicate. (C
and D) Comparison of inhibitory activities in IIA versus conventional GIA of
AMA1-binding peptide R1 (C) and the anti-AMA1 MAbs 1F9 and 2C5 (D).
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Fig. 4. Imaging of merozoite invasion in fixed cells. Purified merozoites
were fixed in the process of invasion to visualize invasion events. Merozoites
were examined at the point of initial binding to the RBC surface (Left),
midway through RBC invasion (Center), and after invasion was complete
(Right). Merozoites in the process of invasion were labeled with antibodies
to MSP1-19 (A) or MSP1 block 2 (B) (green). Nucleus is stained with DAPI
(blue). (C) EM images of fixed invading merozoites showed all stages of
merozoite invasion.
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viability would need to be maintained for several minutes to allow
sufficient time for merozoites to enter the circulation and invade
RBCs after release by rupture of sequestered schizonts. The
persistence of viable extracellular merozoites for several minutes
would allow sufficient time for interactions to occur between
merozoites and antibodies or circulating immune cells, or for
cellular interactions in the spleen, as approximately 5% of cir-
culating blood volume passes through the spleen per minute.
The relatively short viability of merozoites probably explains

why prior attempts to isolate merozoites from naturally ruptured
schizonts have generally been unsuccessful; harvesting merozoites
is commonly done several hours after rupture and involves sig-
nificant handling and washing steps (17). The success of our
method is achieved through forced rupture of schizonts by filtra-
tion, and optimizing the protocol to minimize handling. Gener-
ating a highly synchronous starting culture and using E64, which
inhibits schizont rupture (28), enabled us to obtain a parasite
preparation enriched for schizonts and therefore a high yield of
purified merozoites. IF and EM confirmed that purified mer-
ozoites were intact. Surprisingly, we found that merozoite invasion
occurred efficiently in serum-free and protein-free conditions. In
vitro culture of asexual parasites is known to require serum com-
ponents, but it had not been known whether this was also a re-
quirement for invasion (29). The ratio of merozoites to RBCs
had a significant effect on invasion rate, being highest with a low
ratio. This is reflective of conditions in vivo, in which a low para-
sitemia is typically observed in humanmalaria. Invasion rates were
increased by agitating merozoite:RBC suspensions during the
period in which invasion occurs. An objective of this work was to
develop methods that were technically straightforward and low in
cost that could be used in diverse settings, including laboratories in
malaria-endemic countries. Our protocol requires no more than
cell culture facilities and basic laboratory equipment.
By using purified merozoites, we developed an invasion in-

hibition assay that has significant potential for vaccine and drug
development. As a proof of principle, we demonstrated inhibition
of invasion by antibodies (e.g., 1F9) and various compounds (e.g.,
heparin, cytochalasin D, and R1 peptide), whereas schizont rup-
ture inhibitor E64 did not inhibit and the serine/cysteine protease
inhibitor TLCK was inhibitory against both schizont rupture and
merozoite invasion.We also demonstrated the invasion-inhibitory
activity of EDTA, confirming the expected importance of calcium
for invasion. Importantly, our IIA was substantially more sensitive
for detecting invasion inhibitory activity than standard GIAs, but
specificity was retained; the IC50 was much lower for 1F9 and R1
in IIA compared with GIA, but MAb 2C5 and E64 remained
noninhibitory in IIA. Established assays typically measure in-
hibition of blood-stage growth and cannot specifically measure
invasion inhibition by antibodies or compounds. The ability to
specifically measure invasion-inhibitory activity, separately from
total growth inhibition, is important because some antibodies to
merozoite antigens are known to inhibit intraerythrocytic de-
velopment of parasites as well as invasion (12, 30). A further
advantage is that our IIAs can be performed with the use of serum
or serum components at near-physiological concentrations (up to
80% concentration), which is important for testing human anti-
bodies and understanding their role in vivo.
To extend these findings, we developed conditions to fix and

preserve merozoites at different stages of erythrocyte invasion for
imaging by IF andEM.This provides a valuable approach to define
invasion events and interactions and the inability to image invasion
in this way has limited progress toward a better understanding of
RBC invasion by P. falciparum. We were able to clearly visualize
the processing of MSP1 during invasion and showed that the N-
terminal region of MSP1 was cleaved from the merozoite surface
at the point of invasion, with the MSP1-19 fragment being carried
into theRBC. AlthoughMSP1 processing has been described (31),
it has not been possible to precisely define the timing of this event.

This establishes an important principle and approach that can be
extended to other antigens, and it may be possible to adapt these
approaches to isolate protein complexes to identify key inter-
actions during invasion. We also showed that it is possible to label
and image parasites immediately after invasion, which will facili-
tate studies of early postinvasion events. Methods to purify mer-
ozoites that retain invasive capacity, and their use in invasion
assays, also have applications in proteomics, metabolomics, and
transcriptional analyses. It may be possible to use purified mer-
ozoites for transfection, as is done with Plasmodium berghei, to
obtain higher transfection efficiencies.
In conclusion, these findings significantly advance our un-

derstanding of host–parasite interactions during the blood-stage
replication of P. falciparum and parasite biology. The ability to
isolate viable merozoites, identify and quantify invasion-inhibitory
activity of antibodies and compounds, and image erythrocyte in-
vasion events and interactions have significant potential to ad-
vance vaccine and drug development.

Methods
Parasite Culture and Synchronization. P. falciparum isolates were cultured as
described, in RPMI-Hepes culture medium containing 10% pooled human
serum (11, 32). The GFP-labeled parasite line D10-PfPHG (23) was used inmost
experiments because of its 48-h life cycle, which facilitated obtaining syn-
chronous cultures, and expression of GFP enhanced detection by flow
cytometry and fluorescence microscopy. Parasites were synchronized using
sorbitol treatment (33) and by using the invasion-inhibitory properties of
heparin (9). Parasites were cultured in the presence of 30 IU of medical-grade
heparin (porcine mucous; approximately 230 μg/mL; Pfizer) until the majority
of parasites were at the schizont stage. Heparin was then removed from
cultures for 4 to 6 h to allow schizont rupture andmerozoite invasion to occur.
After the invasion period, heparin was added to cultures, resulting in the
blocking of any further invasion events.

Merozoite Invasion Assay. Late-stage parasites (40-46 h after invasion) were
isolated (>95% purity) from uninfected RBCs with a MAC magnet separation
column (Macs; Miltenyi Biotec). Parasites were incubated with 10 μM of E64
(Sigma) for 6 to 8 h. Schizonts were pelleted at 1,900 × g for 5 min. Parasites
were resuspended in a small volume of culture medium or incomplete culture
media (containing no protein) and filtered through a 1.2-μmAcrodisc 32-mm
syringe filter (Pall). Filtered merozoites were added to uninfected RBCs with
or without inhibitors (Table S1) and cultured according to standard methods
in 96-well plates. To test the effect of serum on invasion (Fig. 2D), pooled
serum frommalaria-unexposed donors in Melbourne, Australia, was dialyzed
(10,000 MWCO) against RPMI-Hepes, or untreated, and then filter-sterilized.
Merozoites were incubated with RBCs and 0% to 80% serum for 1 h and then
washed twice with culture media before culturing in standard conditions for
27 to 40 h. To investigate the invasive half-life of merozoites (Fig. 2B), mer-
ozoite preparations were filtered into culture medium at room temperature
(23 °C). Merozoites were aliquoted into 1.5-mL tubes and incubated on ice, at
room temperature, or at 37 °C. At regular intervals, an aliquot of parasites
from each treatment was mixed with uninfected RBCs (final hematocrit, 1%)
in a 96-well plate and incubated per normal culture.

The concentration of merozoites and RBCs was determined using Count-
Bright Absolute Counting Beads as per manufacturer’s protocol (Invitrogen).
Analysis was performed using FlowJo software (Tree Star) with beads gated in
FL1/FL2, merozoites gated by size in side scatter channel (SSC)/forward scatter
channel (FSC) followed by fluorescence in FL1/FL2 and uninfected RBCs in
gates FL2/FSC. Ethidium bromide–stained (10 μg/mL, Bio-Rad) infected RBCs
were counted 27 to 40 h after invasion (11). Invasion rate was calculated as
percentage of RBCs invaded × [(RBCSs per μL)/(merozoites per μL)] (20). GIA
was performed as described (11). For merozoite IIA, merozoites were in-
cubated with RBCs and inhibitors for 1 h, then cultures were washed twice to
remove inhibitors and incubated as for normal culture. For further details on
the methods for isolation of merozoites and invasion assays, see SI Methods.

Immunofluorescence Microscopy and Electron Microscopy. Cells were fixed
with 4% formaldehyde/0.0075% glutaraldehyde coated onto glass slides and
labeled as described (34). Cells were incubated with rabbit or mouse anti-
bodies toMSP1-block 2 (generated in the present study), MSP1-19 (35), AMA1
(36), MSP2 (37), or RAP1 (38), followed by an Alexa 594/488–conjugated sec-
ondary antibody (Molecular Probes). Slides were mounted in VectaShield
(Vector Laboratories) with 0.1 ng/mL DAPI (Invitrogen) to label the parasite
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nucleus. Images were obtained using a Plan-Apochromat (100×/1.40) oil im-
mersion phase-contrast lens (Carl Zeiss) on anAxioVert 200Mmicroscope (Carl
Zeiss) equipped with an AxioCam Mrm camera (Carl Zeiss). Images were
processed using Photoshop CS4 (Adobe). To capture invasion events, purified
merozoites were mixed with RBCs, allowed to incubate for approximately
2min, and then fixed and labeled as described earlier. To generate antibodies
to MSP1-block 2, a GST-fusion protein corresponding to aa 72 to 98 of the
MAD20 allele of MSP1-block 2 was expressed and purified using standard
methods (39). Rabbits were immunized intramuscularly with 200 μg of puri-
fied recombinant protein on days 0, 14, 28, and 49, and serum was collected
on d 58. Specificity of the antibodies was confirmed by labeling of merozoites
of a MAD20 parasite isolate (sequence confirmed), but lack reactivity with
merozoites of 3D7 (which has a different block 2 allele).

For EM, free or invading merozoites were fixed in 1% glutaraldehyde in
RPMI-Hepes on ice for 30 min. Samples were pelleted in low-melt agarose
before being transferred intowater, dehydrated in ethanol, and embedded in
LRGoldResin (ProSciTech). Followingpolymerizationbybenzoylperoxide (SPI-
Chem), 100-nm sections were prepared by using anUltracut R ultramicrotome
(Leica). Sections were poststained with saturated aqueous uranyl-acetate,

then 5%triple lead, andobserved at 120 kVon aCM120BioTWIN transmission
electron microscope (Philips).
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