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Abstract Plasmodium falciparum, the most important etio-
logical agent of human malaria, is endowed with a highly
complex cell cycle that is essential for its successful
replication within the host. A number of evidence suggest
that changes in parasite Ca®" levels occur during the
intracellular cycle of the parasites and play a role in
modulating its functions within the RBC. However, the
molecular identification of Plasmodium receptors linked with
calcium signalling and the causal relationship between Ca>*
increases and parasite functions are still largely mysterious.
We here describe that increases in P. falciparum Ca”" levels,
induced by extracellular ATP, modulate parasite invasion. In
particular, we show that addition of ATP leads to an increase
of cytosolic Ca*>" in trophozoites and segmented schizonts.
Addition of the compounds KN62 and Ip5I on parasites
blocked the ATP-induced rise in [Ca®'].. Besides, the
compounds or hydrolysis of ATP with apyrase added in
culture drastically reduce RBC infection by parasites,
suggesting strongly a role of extracellular ATP during RBC
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invasion. The use of purinoceptor antagonists IpSI and KN62
in this study suggests the presence of putative purinoceptor in
P falciparum. In conclusion, we have demonstrated that
increases in [Ca®']. in the malarial parasite P, falciparum by
ATP leads to the modulation of its invasion of red blood cells.

Keywords Purinergic receptor - Malaria - Plasmodium
falciparum - Calcium signalling - Red blood cells

Abbreviations

THG Thapsigargin

[Ca®'], Calcium cytosolic concentration
RBC Red blood cell

SmATPDase S. mansoni ATP-diphosphohydrolase
Introduction

Malaria is one of the most important infectious diseases in the
world, and increased resistance to the classic antimalarial
drugs is becoming a major health challenge in the Third World
[1, 2]. Decoding Plasmodium signalling pathways is thought
to represent a fundamental step in developing new strategies
to fight the disease [3, 4]. Malaria parasites are able to sense
signalling molecules released by the host: for example, it has
been reported that Plasmodium falciparum at the trophozoite
stage are sensitive to indol-related molecules such as
melatonin or N-acetyl-serotonin, serotonin and tryptamine,
and these hormones are capable of modulating the circadian
rhythm of both murine and human Plasmodia [5-7]. It has
also been shown that infected RBC can release other
potentially important signalling molecules, in particular
ATP; indeed, P. falciparum-infected RBC release much more
ATP when compared to non-infected RBC [§].
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Nucleosides and nucleotides (adenosine, ADP, ATP,
UDP and UTP) bind to the so-called purinergic receptors
and mediate several biological processes in most eukaryotic
cells [9]. The purinergic receptors can be divided into major
classes: P1 receptors activated by adenosine and P2
receptors activated by ATP and other nucleotides. P2
receptors comprised two receptor families: P2X receptors
are ATP-gated ion channels, whereas P2Y receptors belong
to the super family of G protein-coupled receptors [10]. In
either case, however, the activation of purinergic receptors
results in increases of cytosolic Ca** concentration [9], and
some P2 receptors couple to cAMP accumulation (P2Y11)
and others to cAMP inhibition (P2Y12-14) [11-15].

In this paper, we report that ATP elicits cytosolic [Ca
increases when added to isolated P. falciparum parasites
both at the trophozoite and segmented schizont stages.
Most importantly, blocking the ATP receptors (or causing
its hydrolysis by adding an exogenous ATPase, apyrase)
before invasion strongly inhibits the invasion of RBC by P,
falciparum in vitro assays.

2+]

Experimental procedures
Parasites

P, falciparum, 3D7 strain, was maintained in continuous in
vitro culture in adult human red blood cells [16], and the
synchronization was achieved by sorbitol treatment [17].
Parasitemia were determined from Giemsa-stained thin
films, as previously described [12].

Spectrofluorimetric determinations

Infected red blood cells 10® mI™! were lysed with 10 mgml ™"
saponin (in PBS); RBC membrane was removed by
centrifugation (8,700xg for 10 min at 4°C). The parasites
were washed twice in buffer A (116 mM NaCl, 5.4 mM KCI,
0.8 mM MgS0,, 5.5 mM D-glucose, 50 mM MOPS and
2 mM CaCl,, pH 7.2) and resuspended in the same buffer
containing 40 uM probenecid, an inhibitor of organic anion
transport, to prevent Fluo-4 release and sequestration [18].
Fluo-4/AM in DMSO (1 mgml ") was added to reach a final
concentration of 5 UM, and the suspension was incubated for
1 hat 37°C. The cells were washed three times with buffer A
to remove extracellular dye, but in some experiments,
calcium was omitted and 3 mM EGTA was added instead.
In each experiment, an aliquot of 100 pl (10° cells) was
placed in a termostatted cuvette equipped with magnetic
stirring. Spectrofluorimetric measurements with Fluo-4/AM
were performed using the F-4500 Hitachi spectrofluorimeter
(Tokyo, Japan) with excitation at 505 nm and emission at
530 nm (for details, see [5]).
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The calibration curves, relating the fluorescence of intact
cells to free Ca>" concentration, were calculated using the
Ca*" software F-4500 Intracellular Cation Measurement
System, version 1.02 (Copyright© Hitachi, Ltd., 1994-
1995), which takes into account that [Ca*'], = kq (F —
Foin)/Fmax — F)], where the k4 utilized for Fluo-4 was
345 nM, F is the measured fluorescence intensity in the
conditions of the experiment, F,, the fluorescence in
the presence of digitonin and F,;, the fluorescence in the
presence of digitonin and 8 mM EGTA. All the experiments
were performed at 37°C. In experiments with antagonists,
Fluo-4 cells were dispensed in a 96-well black clear bottom
plates previously treated with polilysine at a density of 5x
10* cells/well. The cells were incubated with the antago-
nists for 15 min before the addition of the agonist. The
responses were measured immediately after the addition of
the ATP (50 uM) as agonist. Fluorescence was measured
using a FlexStation® (Molecular Devices, Sunnyvale, CA,
USA), a 96-well fluorescence spectrometer, at an excitation
wavelength of 485 and emission at 525 nm. All experi-
ments were performed at 37°C. Compounds were added
from a 96-well reservoir plate, with the pipette heights,
volumes of additions (usually 10-20 ul), rate of addition
and mixing protocols optimized to minimize disturbance of
the cells whilst ensuring rapid mixing. The data were stored
for later analysis by using SoftmaxPro (Molecular Devices).
As all other dyes of the tetracarboxylate family, the
fluorescence of Fluo-4 and its affinity for Ca®" are
insensitive to pH down to a value of 6.5 or below.

Stock solutions of nucleotides ATP, CTP, GTP, UTP,
«,3-methylenecATP and purinoceptor antagonists Ip5I,
TNP-ATP, PPADS and suramin (Sigma) were made in
buffer A, whilst KN-62 and thapsigargin were dissolved in
DMSO. When necessary, stock solutions of ATP were
made in buffer A, but without Ca>".

Assay of merozoite invasion inhibition

Cultures of synchronized parasites at schizont stage were
set up in 24-well, flat-bottomed, microculture plates
(500 pl/well) and incubated with purinoceptor inhibitors
KN-62 (1 uM) and Ip5I (1 uM) or recombinant apyrase
(10 nM) from Schistosoma mansoni (SmATPDase). The
compounds and enzyme were added separately on micro-
cultures during early segmented-schizont stage and incu-
bated at 37°C for 17 h after the addition of the compounds,
and then parasitemia of re-invaded erythrocytes was
determined as described [6]. Each experiment was carried
out in triplicate. Parasite cultures were also incubated in the
presence or absence of ATP or ATP analogues («,[3-
methylene ATP) or PPADS for 20 h at 37°C. Solvent
blanks in the absence of any drug were performed
as controls.
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Data analyses

Calcium measurement data were analysed using Prism
4.03 (GraphPad, San Diego, CA, USA). The change in
fluorescence was calculated as F (peak fluorescence)
minus F, (baseline fluorescence) after normalization of
fluorescence to the baseline. Statistical analyses were
carried out using the unpaired Student’s ¢ test. Values of
p <0.05 were considered to indicate a statistically
significant difference.

Results

It has been recently demonstrated that Plasmodia-infected
erythrocytes can release large amounts of ATP in the
medium [8]. ATP and other purines are known to be
coupled to numerous signalling pathways (cAMP and Ca**
in particular) in many eukaryotic cell types. Thus, ATP can
potentially modulate the function of both isolated parasites
during invasion of RBC and/or parasites within erythro-
cytes. We thus investigated if extracellular purines (ADP,
ATP, CTP, GTP and UTP) could modulate [Ca’']. in
isolated parasites at the trophozoite stage. Isolated P
falciparum trophozoites or schizonts were loaded with
Fluo-4 in a Ca®"-containing medium. The addition of CTP,
GTP and ADP (from 10 to 100 uM) did not result in
appreciable [Ca®']. rises in the parasites (Electronic
supplementary material (ESM) Fig. S1). On the contrary,
Fig. 1a shows that addition of ATP induces a clear [Ca®'],
response in trophozoites. This response was maximal at
100 uM ATP, and half-maximal response was obtained at
about 20 uM ATP (Fig. lc). The addition of UTP, a
selective agonist for P2Y2 and P2Y4 (10 uM), also led to a
[Ca®']. rise in the parasites (ESM Fig. S1).

Malaria parasites display calcium pools [19-22], and to
investigate whether the [Ca®']. rise elicited by ATP
originates from internal Ca®" pools or whether it depends
on the influx of Ca*" from the medium, ATP was added in
the absence of extracellular Ca** (and in the presence of
3 mM EGTA). Figure 1b shows that the removal of external
Ca”" completely prevented the ATP-induced [Ca”"]. rise in
trophozoites. However, no significant difference was
observed between trophozoites and schizonts (ESM Fig.
S2a). Interestingly, addition of UTP (10 uM) in the absence
of extracellular calcium did not induce an [Ca®'], rise in
trophozoites (ESM Fig S2b).

We further investigated the Ca®" response by performing
similar experiments in the presence of the following
purinoceptor antagonists: Ip5I (a selective antagonist for
P2X1 and P2X3); KN-62 (a selective antagonist of P2X7
receptors in humans but not rat); TNP-ATP (a highly
effective antagonist at P2X1, P2X2/3 and P2X3 receptors

with very weak actions at P2X4 receptors); and PPADS and
suramin (non-selective P2X and P2Y receptor antagonists)
[23-25]. Figure 1d shows that the addition of ATP (50 uM)
to trophozoites that have been previously incubated with
the purinoceptor antagonists IpST (1 or 10 uM), KN-62 (1
or 10 uM), TNP-ATP (3 or 30 uM) and PPADS (10 or
100 uM) failed to elicit any [Ca*'], rise in Plasmodium
parasites. Collectively, the data are consistent with a
primary role of purinoceptor in ATP-elicited [Ca®']. rise
in P. falciparum.

We next investigated whether the ATP-dependent [Ca®'],
increases were a unique feature of trophozoites or whether
they could be observed also at other parasite stages.
Figure 2a shows an experiment in segmented schizonts
loaded with Fluo4 (in Ca*" medium). Addition of ATP
(50 uM) leads to a [Ca®']. rise also in parasites at this
developmental stage (Fig. 2b). The increase in [Ca®'].
caused by 50 pM ATP in schizonts (79.9+24.4 nM) is
similar to that elicited in parasites at the trophozoite stage
(97.88+18.24 nM, Fig. 2b).

Similarly to trophozoite stage parasites, calcium experi-
ments were performed in the presence of the compounds
Ip51, KN-62, TNP-ATP, PPADS and suramin at segmented
schizonts. Figure 2c shows that addition of ATP (50 uM) to
schizonts that have been previously incubated with the
purinoceptor antagonists IpSI (1 or 10 uM), KN-62 (1 or
10 uM), TNP-ATP (3 or 30 uM) and PPADS (10 or
100 uM) failed to elicit any [Ca®'], rise in Plasmodium
parasites.

The question then arises as to the functional role of
these [Ca’'], increases elicited by ATP and UTP. In order
to address this, we performed invasion assays with
parasites in in vitro cultures in the presence of exogenous
ATP or upon addition of the compounds KN-62 (1 uM) or
IpST (1 puM). Figure 3 shows that ATP added to the
medium during infection resulted in a small, non-
significant increase of RBC invasion, whilst the purinergic
antagonists strongly reduced the invasion process: the
number of newly invaded cells was 16.41+£1.73% in
controls and 8.5+2.18% and 8.57+1.65% upon KN-62
and IpSI treatments, respectively. We have also investi-
gated the effect of a selective agonist of P2X1, P2X3 and
P2X2/3 receptors, o,-methylene ATP, on P. falciparum
cultures. Figure 3b shows the inhibition of parasite
invasion in the presence of different concentrations of
the antagonist PPADS (0.2 and 1 mM) and «,3-methylene
ATP (0.5 and 1 mM). Therefore, it is clear that ATP had
effects in malaria parasites, but the receptor subtype or
subtypes involved in the response need to be investigated.

To further support the conclusion that extracellular ATP
plays an important role in the invasion process (and that
inhibition by purinoceptor blockers is not a side effect of the
drugs), the invasion assay was carried out in the presence of
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Fig. 1 Effects of ATP on Fluo-4-labelled trophozoites from P.
falciparum. a Kinetics of the [Ca*']. response to ATP added to
isolated trophozoites in the presence of 2 mM Ca”*, and thapsigargin
(THG) was added after some time. b As in a, but ATP was added in
the absence of Ca®" (and the medium was also supplemented with
3 mM EGTA). Where indicated, ATP (100 uM, arrow) was added and
no [Ca*"], rise was observed. The large rise and drop of fluorescence
at the end of the experiment of a represents the addition of digitonin
(100 M) and EGTA (8 mM), respectively, needed for calibrating the

recombinant apyrase from S. mansoni. Apyrase hydrolyzes
extracellular ATP and thus prevents purinoceptor activation
by locally released ATP. When the invasion assay was
carried out in the presence of apyrase, the number of newly
invaded cells was reduced from 26.0+0.9% to 15.8+0.5%,
whereas parasitemia in the presence of ATP was reduced
from 30.2+0.6% to 15.5+0.7% (p<0.05, Fig. 4). Clearly, the
target of the purinoceptor inhibitors, or of apyrase, are the
parasites and not the RBC: the drugs, in fact, had no effect
on the percentage of invaded cells (measured 17 h later)
when they were added 1 h after the initiation of invasion, i.e.
when the parasites are inside the RBC (ESM Fig. S3).
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signal in terms of [Ca2+]. ¢ Dose-dependent increase of the ATP-
induced [Ca®"], rises, means = SEM (n>4). d Isolated trophozoites
were treated with ATP (50 uM) upon pretreatment (15 min) with the
following purinoceptor inhibitors: Ip5I, KN-62, TNP-ATP, PPADS
and suramin at the indicated concentrations. Inhibitors drastically
blocked [Ca"]. responses on parasites. *Data of [Ca®']. responses
from parasites pretreated with inhibitors were significantly different
from that only ATP-treated (»<0.01). The data are presented as means
+ SEM (n>4)

Similarly, the addition of extracellular ATP after invasion
was without effects (ESM Fig. S3).

We then asked whether the early [Ca®']. increases
elicited by ATP only affected the efficiency of RBC
invasion or whether it had any late effect during the
intraerythrocytic cell cycle. We thus investigated whether
the intracellular development of P. falciparum was affected
by the pre-incubation with either the purinoceptor inhibitors
or with apyrase. Although the percentage of infected cells
was reduced by these treatments (see above), the intracel-
lular development of the parasites was normal, as deter-
mined by Giemsa staining (ESM Fig S4).
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Fig. 2 Effects of ATP on [Ca®'], in P falciparum segmented
schizonts. Stimulation of Fluo-4-labelled isolated segmented schizont
with the addition of ATP (50 uM) in the presence of Ca*" (2 mM)
induced fluorescence increases. a Kinetics of the [Ca®'], response to
ATP. b Histogram showing [Ca®"], response obtained with ATP
(50 uM) on the schizont and trophozoite stages. The data are
presented as mean = SEM (n>4). ¢ Isolated shizonts were treated

Discussion

Recently, it has been demonstrated that erythrocytes
infected by Plasmodia are capable of releasing large
amounts of ATP in the medium [8]. Given the potential
signalling properties of ATP, we have thus investigated
whether it could affect a key second messenger signalling,
i.e. [Ca®"]. of P falciparum. The results in the isolated
parasites are straightforward: P. falciparum, both at the
schizont and trophozoite stages, express ATP receptors,
probably more than one subtype [9], and these receptors
involved in the response need to be investigated. We also
found that these purinergic receptors play a key role during

Schizont Trophozoite

ATP

with ATP (50 uM) upon pretreatment (15 min) with the following
purinoceptor inhibitors: Ip5I, KN-62, TNP-ATP, PPADS and suramin
at the indicated concentrations. Inhibitors drastically blocked [Ca*],
responses on parasites. *Data of [Ca®'], responses from parasites
pretreated with inhibitors were significantly different from that only
ATP-treated (p<0.01). The data are presented as means + SEM (n>4)

Plasmodium invasion of RBC as blocking these receptors
impairs invasion, probably abolishing the Ca®" rises
induced by ATP. The lack of significant effects of
exogenously added ATP on the efficiency of RBC infection
suggests that the erythrocytes release enough ATP in the
local environment to saturate the parasite ATP receptors.
Indeed, the addition of apyrase, a potent ATP-consuming
enzyme, to the medium during infection drastically reduces
RBC invasion. The effects of purinoceptor blockers and of
apyrase are clearly due to their interfering with ATP
modulation of parasite and not to RBC functions, given
that the addition of these drugs, after the engulfment of the
Plasmodia, is totally ineffective. The molecular target of
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Fig. 3 Effects of the purinergic receptor inhibitors KN-62 and Ip5I on
P, falciparum merozoite invasion of human erythrocytes. a Cultures of
Plasmodia during segment schizont stage were incubated in the
presence of ATP (50 uM) with 1 pM KN-62 or 1 uM Ip5I for 17 h at
37°C. Percentage of parasitemia presented as mean + SEM are based
on three independent experiments in triplicate. *Data from cultures
treated with compounds were significantly different from cultures

the early Ca”" rise caused by ATP in segmented schizonts
remains undetermined, and it may be speculated that the
Plasmodium cytoskeleton could be involved, given the
major importance that cytoskeletal proteins play in the
invasion process. On the contrary, the normal development
of the parasites, pretreated with purinoceptor inhibitors,
within the RBC suggests that ATP receptors have no major
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Fig. 4 Effects of extracellular apyrase on the invasion of human red
blood cells by P. falciparum merozoite. Recombinant apyrase from S.
mansoni (SmATPDase2) was added to the culture of plasmodia during
segment schizont stage in the presence and absence of ATP (50 uM).
The graph shows clearly a reduction of parasitemia using apyrase,
suggesting strongly the importance of P. falciparum purinergic
receptor actived by ATP during the invasion process of parasites to
human RBC. Data are presented as mean + SEM of three independent
experiments in triplicate. Mean percentage of parasitemia of the
groups treated with apyrase were significantly different from their
control groups (without apyrase, p<0.05). Control culture media
without ATP, ATP culture media with ATP
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ATP-treated (p<0.05). b Effect of ATP and PPADS in reversing, o, [3-
methylene ATP effect on P. falciparum invasion of RBCs. The figure
shows the inhibition of parasite invasion in the presence of different
concentrations of the antagonist PPADS (0.2 and 1 mM) and agonists
o, [3-methylene ATP (0.5 and 1 mM) or ATP (2 mM). Bars represent
the numbers of rings (average), expressed as a percentage of control

role at the later stage of the intraerythrocytic cycle. This
conclusion remains, however, to be directly tested, given that
it remains to be established whether or not the inhibitors
remain at sufficient concentration within the parasitophorous
vacuole and whether they can bind to the purinergic
receptors in that environment. The impermeability of the
RBC membrane to the inhibitors does not allow at present to
directly test this possibility.

It is well established that malaria parasites utilize calcium
for cell signalling [26-35]. Melatonin [6], its precursor N-
acetylserotonin, tryptamine, serotonin and AFMK are able
to affect parasite cell cycle [5, 7, 36-38]. These molecules
induce calcium release from stores in P. falciparum and in
the rodent malaria parasite Plasmodium chabaudi. In P
falciparum, melatonin increases cytosolic cAMP and Ca®"
concentration,[CaH]c, with both second messengers inter-
acting with each other in a synergistic manner [29, 39], as
in many other eukaryotes [40]. A molecular target of Ca”"
in Plasmodia has been described by us recently [41], i.e. a
calcium-dependent protease activated at the throphozoite
stage in P. chabaudi and P. falciparum.

Our finding that purinergic receptors are expressed in P
falciparum and that they can trigger Ca®" rise essential for
the invasion process [42, 43] opens the possibility of
screening for molecules that would selectively inhibit these
purinoceptors. Additionally, the role of ATP in P. falcipa-
rum and adenosine in P. yoelii have been previously
reported [44, 45, 46]. The phylogenetic distance between
humans and P falciparum (and the lack of sequences
homologous to those of human purinoceptors in the P.
falciparum genome) [9, 47] may allow the development of
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inhibitors specific to the form expressed in the parasites,
leaving unaffected the human receptors.
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