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Abstract: In infectious diseases, extracellular vesicles (EVs) released from a pathogen or pathogen-
infected cells can transfer pathogen-derived biomolecules, especially proteins, to target cells and
consequently regulate these target cells. For example, malaria is an important tropical infectious
disease caused by Plasmodium spp. Previous studies have identified the roles of Plasmodium falciparum-
infected red blood cell-derived EVs (Pf-EVs) in the pathogenesis, activation, and modulation of
host immune responses. This study investigated the proteomic profiles of Pf-EVs isolated from
four P. falciparum strains. We also compared the proteomes of EVs from (i) different EV types
(microvesicles and exosomes) and (ii) different parasite growth stages (early- and late-stage). The
proteomic analyses revealed that the human proteins carried in the Pf-EVs were specific to the type
of Pf-EVs. By contrast, most of the P. falciparum proteins carried in Pf-EVs were common across
all types of Pf-EVs. As the proteomics results revealed that Pf-EVs contained invasion-associated
proteins, the effect of Pf-EVs on parasite invasion was also investigated. Surprisingly, the attenuation
of parasite invasion efficiency was found with the addition of Pf-MVs. Moreover, this effect was
markedly increased in culture-adapted isolates compared with laboratory reference strains. Our
evidence supports the concept that Pf-EVs play a role in quorum sensing, which leads to parasite
growth-density regulation.

Keywords: Plasmodium falciparum; extracellular vesicles; malaria; proteomics; invasion

1. Introduction

Malaria is an important tropical infectious disease leading to an estimated 240 mil-
lion malaria cases in 2020 in 85 malaria-endemic countries [1]. The disease is caused by
an apicomplexan protozoan, Plasmodium spp., transmitted to humans by the bite of fe-
male Anopheles mosquitos. Among five Plasmodium spp. that cause malaria in humans,
P. falciparum is the most important because it is associated with severe syndromes and high
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mortality. The life cycle of P. falciparum in humans includes both the exo- and intraerythro-
cytic cycles in which the parasite grows and develops in hepatocytes or red blood cells
(RBCs), respectively. During intraerythrocytic growth and development, the merozoites
released from hepatocytes infect RBCs and asexually develop inside a parasitophorous
vacuole from the ring stage to the trophozoite stage and schizont stage (containing many
merozoites). At the end of schizogony, around 48 h after the invasion (for P. falciparum),
infected RBCs rupture, and merozoites egress and, in turn, invade new RBCs, with the
cycle repeating.

To infect the RBCs, the merozoite invasion progresses through a multi-step process
consisting of initial attachment, apical reorientation, merozoite internalization, and par-
asitophorous vacuole membrane formation. Many ligand-receptor interactions between
P. falciparum proteins take place on the merozoite surface and RBC receptors. In addition,
signaling transduction-associated proteins sequentially participate in this process, facilitat-
ing parasite invasion. The list of essential merozoite proteins for the invasion process is
extensive, including merozoite surface proteins (MSPs), erythrocyte-binding-like (EBL) and
reticulocyte-binding-like (RBL) families, erythrocyte-binding antigen (EBA) and Rh protein
family, P. falciparum reticulocyte-binding homolog 5 (PfRh5)/PfRh5-interacting protein
(PfRipr)/cysteine-rich protective antigen (CyRPA) complex, rhoptry neck (RON) proteins,
apical membrane antigen-1 (AMA-1), glycosylphosphatidylinositol-anchored micronemal
antigen (GAMA), S-antigen, glutamate-rich protein (GLURP), serine-repeat antigen protein
(SERA), claudin-like apicomplexan microneme protein (CLAMP), subtilisin-like serine pro-
tease (SUB), calcium-dependent protein kinases (CDPKs), glideosome-associated proteins
(GAPs), myosin A, profilin, and cofilin [2-9]. Alterations in the function of these proteins
by knockout gene expression or blocking (with inhibitors or antibodies) affect merozoite
invasion efficiency and may inhibit parasite invasion [10,11].

During the intraerythrocytic growth cycle of Plasmodium spp., extracellular vesicles
(EVs), which are nano-sized membrane-bound vesicles, are released from both uninfected
and infected red blood cells (iRBCs) [12]. The EVs can be classified as an ectosome (mi-
crovesicles (MV) or microparticle (MP)) or exosome (Exo), based on their biogenesis and
physical characteristics. These EVs function as mediators of intercellular communication
via their cargos of biomolecules (proteins, lipids, metabolites, and genetic materials) from
originated cells to recipient cells. EVs have also been reported to have essential roles in
signal transduction, transcriptional regulation, and inflammatory reactions during the
immune response in both pro- and anti-inflammatory phenomena [13-16]. The biological
significance of EVs has been increasingly demonstrated across a broad range of pathologies,
where their elevated levels in patient plasma are indicative of cellular stress and disease
severity [17,18].

For more than two decades, EVs have been studied, and their roles in malaria infection
have been shown to include regulating parasite growth, driving malaria pathogenesis, and
modulating host immune responses. In experimental rodent malaria models, levels of MPs
are high in the plasma of mice with cerebral malaria [19]. iRBC-derived MPs from the
plasma of Plasmodium berghei strain ANKA (PbA)-infected mice induce proinflammatory re-
sponses in macrophages resulting in systemic inflammation [20]. In addition, the adoptive
transfer of MPs from PbA-infected mice leads to localized MPs in cerebral microvessels of
PbA-infected recipient mice [19]. The decrease in MP production in knockout mice or with
pharmacological inhibition protects these mice from cerebral malaria [21,22]. Similarly, EV
levels are increased and associated with disease severity in malaria-infected patients [23,24].
Platelets and RBCs are major EV cell sources in patient plasma [24]. From in vitro exper-
iments, Pf-EVs are internalized by monocytes and macrophages, deliver biomolecular
cargos into the cytosol, and elicit innate immune cytokine responses [25-27]. Moreover, the
internalization of Pf-EVs modulates endothelial cell barriers, including adherence-related
proteins that lead to vascular dysfunction and support cytoadherence of iRBCs [28].

Previous studies indicate the role of Pf-EVs in parasite-parasite communication, which
mediate the horizontal transfer of nucleic acids to regulate the formation of gametocytes (the
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sexual stage responsible for malaria transmission) [25,29]. Moreover, Pf-EVs derived from
the cultures of low and high parasitemia carry P. falciparum lactate dehydrogenase (PfLDH)
in differential levels; only Pf-EVs derived from high parasite density regulate the parasite
population by apoptosis induction [30]. This evidence implies the functional mechanism of
Pf-EVs in a quorum sensing-like mechanism in which a cell secretes a signaling quorum-
sensing molecule to communicate with other cells in response to the cell population density.
As well-known studies reported in bacteria, the higher density of bacteria, higher level of
the production and accumulation of quorum-sensing molecules. These molecules induce
the positive feedback mechanism that allows communication between bacteria to regulate
the gene expression involved in virulence, competition, pathogenicity, and resistance and
to limit the population size [31]. The quorum sensing-like mechanism in protozoa has been
proposed as the mechanism regulating the balance between virulence, survival in the host,
and potential for transmission [32,33].

The proteomic profiles of malaria-derived EVs are now being studied. Sources of these
EVs include plasma of Plasmodium spp.-infected patients, mice, and humanized mice, as
well as from supernatants of Plasmodium spp. cultures [25,27,34]. Results show that these
EVs contain both host and parasite proteins. Some have been identified as malaria antigens
(MSP1, MSP3, MSP7, MSP9, serine-repeat antigen 1, and heat shock protein (HSP) 70),
which might have potential for vaccine development [35]. Some might also be used as
biomarkers of infection [34]. However, little information is available on the protein profiles
of EVs derived from different P. falciparum strains. We hypothesized that the differences in
P. falciparum strain virulence might be related to the EV’s selective and unique cell-specific
proteins and thus their different disease outcomes. In this study, the proteomic profiles
of EVs derived from different P. falciparum strains and growth stages were compared. We
found that most virulence-associated proteins were highly conserved among P. falciparum
strains. We further explored the effects of these Pf-EVs on invasion efficiency, growth, and
development during intraerythrocytic schizogony.

2. Materials and Methods
2.1. Parasite Culture

Four P. falciparum parasite strains (3D7, NF54, TM01, and TM02) were grown in human
RBCs in complete culture media (RPMI 1640 (Gibco; Grand Island, NY, USA) supplemented
with 25 mM HEPES, 0.225% NaHCOj3, 0.1 mM hypoxanthine, 25 g/mL gentamicin, and
5% AlbuMax II (Gibco; Auckland, New Zealand)) under an atmosphere of 5% O;, 5% CO,,
and 90% Nj. The culture media were changed daily. Parasite growth was monitored daily
by Giemsa-stained thin blood smears. At a certain percentage of parasitemia, cultures
were synchronized into the ring stage by resuspension of culture pellets in 5% D-sorbitol
solution (Sigma-Aldrich; St. Louis, MO, USA) and incubated at 37 °C for 10 min, followed
by centrifugation. The synchronized ring stage parasites were continuously re-cultured at
5% parasitemia and 5% hematocrit under an atmosphere of 5% O, 5% CO,, and 90% N, for
24 h. Culture supernatants were collected to isolate EVs of early-stage parasites (ring form
to mid-trophozoite). New culture media were added and parasite cultures were continued
for 24 h. During parasite growth beyond the mid-trophozoite stage, culture supernatants
were collected to isolate EVs of late-stage parasites (mid-trophozoite to early-ring). These
culture supernatants were centrifuged at 1500 x g for 15 min to remove residual RBCs and
cell debris and kept at —20 °C until used for EV isolation. This study was approved by
the Siriraj Institutional Review Board of the Faculty of Medicine Siriraj Hospital, Mahidol
University, Bangkok, Thailand (COA no Si 634/2019).

2.2. Extracellular Vesicle Isolation

The Pf-EVs were isolated from malarial culture supernatants by multi-step sequential
centrifugation. Briefly, the 400 mL of cell-depleted culture supernatant was centrifuged at
13,000x g for 2 min and subsequently passed through a 1.2 pm syringe filter. The filtered
culture supernatant was further centrifuged at 21,000 x g (Thermo Scientific ™ Sorvall RC-
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6 Plus superspeed centrifuge; Waltham, MA, USA), 4 °C for 70 min to collect the MV pellet.
Then, the upper 90% of the supernatant was further passed through a 0.22 um membrane
filter and centrifuged at 110,000 x g (Thermo Scientific ™ Sorvall WX80 ultracentrifuge),
4 °C for 90 min to collect the Exo pellet. Finally, these EV pellets were washed with sterile
0.22 um-filtered phosphate-buffered saline (PBS) and stored at —80 °C until use. The
EVs isolated from the supernatants of the cultures with early-stage development were
designated as early-stage-derived MV (MV-E) and early-stage-derived Exo (Exo-E), while
the EVs isolated from the culture supernatants of late-stage development were called late-
stage-derived MV (MV-L) and late-stage-derived Exo (Exo-L), respectively. The control
EVs were separated from the culture supernatant of 10 uM A23187-activated uninfected
RBCs at 20% hematocrit for 24 h; culture supernatant was collected to isolate A23187-MV
and A23187-Exo in the same manner as the Pf-EVs [36].

2.3. Transmission Electron Microscopy (TEM)

The morphology of Pf-EVs was visualized by TEM. First, the isolated Pf-EVs were
fixed with 2% paraformaldehyde solution for 30 min. Next, the 200-mesh formvar/carbon-
coated copper electron microscope (EM) grid was glow-discharged. The PFA-fixed Pf-EVs
solution (3 pL) was loaded on the EM grid and incubated for 15 min. Then, the EM grid
was stained with 50 puL of 2% uranyl acetate and incubated for 5-7 min. Finally, the excess
solution was removed by filter paper and the EM grid was washed ten times with PBS
and distilled water. The grid was imaged using an FEI Tecnai T12 Transmission Electron
Microscope (Field Electron and Ion Co., Hillsboro, OR, USA) operated at 80 kV. Images
were analyzed by DigitalMicrograph® software (Gatan; Pleasanton, CA, USA).

2.4. Nanoparticle Tracking Analysis (NTA)

To characterize the size and particle concentration of Pf-EVs, the isolated EVs were
diluted with sterile 0.22 pm-filtered PBS at the appropriate dilution to obtain the optimum
measurement range. The diluted samples were injected into the Nanosight NS300 Analyzer
(Malvern Pananalytical; Worcester, UK). Nanosight acquisition and analysis parameters
were as follows: camera level: 14-15; detection threshold: 5; syringe pump speed: 50 uL/s;
number of videos acquired per sample: 5; video duration: 60 s. Data analysis was per-
formed using NTA software version 3.4 (Malvern Pananalytical; Worcester, UK). The system
was washed with PBS between samples.

2.5. Western Blotting Analysis

The protein concentration of Pf-EVs was determined by Bradford protein assay (Bio-
Rad Laboratories; Hercules, CA, USA) according to the manufacturer’s protocol. Isolated
Pf-EVs (10 pg) were run on 12% SDS-polyacrylamide electrophoresis, and proteins were
transferred to polyvinylidene difluoride membranes. These were blocked with non-fat dry
milk in Tris-buffered saline containing 0.1% Tween20 (TBST), and the blots were probed
with primary antibodies including -actin (clone 8H10D10, Cell Signaling Technology®;
Danvers, MA, USA), stomatin (clone E-5, Santa Cruz Biotechnology; Dallas, TX, USA), and
flotillin-1 (clone C-2, Santa Cruz Biotechnology; Dallas, TX, USA), each diluted 1:400 in
blocking buffer in TBST for 1 h. Then, the blots were washed with TBST and incubated
with goat anti-mouse, PER-conjugated HRP (ImmunoTools GmbH; Friesoythe, Germany)
at a dilution of 1:4000 for 1 h at room temperature. After washing, Clarity ™ Western ECL
substrate was added (Bio-Rad Laboratories; Hercules, CA, USA); signal was detected by
ImageQuant LAS 4010 (GE Healthcare; Boston, CA, USA).

2.6. Exosomal Protein Preparation

Total protein was isolated using 0.5% SDS solution and measured with Lowry assay
using bovine serum albumin as the standard [37]. Protein samples (5 ng) were subjected
to in-solution digestion. The samples were completely dissolved in 10 mM ammonium
bicarbonate (AMBIC), then disulfide bonds were reduced with 5 mM dithiothreitol (DTT)
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in 10 mM AMBIC at 60 °C for 1 h; sulfhydryl groups were alkylated using 15 mM Iodoac-
etamide (IAA) in 10 mM AMBIC at room temperature for 45 min in the dark. For digestion,
samples were mixed with 50 ng/uL of sequencing grade trypsin (1:20 ratio) (Promega;
Madison, WI, USA) and incubated at 37 °C overnight. Before LC-MS/MS analysis, the
digested samples were dried and protonated with 0.1% formic acid before injection into
LC-MS/MS.

2.7. Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS)

Tryptic peptide samples were injected in triplicate (5 pL each) into an HCT Ultra
Ion Trap LC-MS System (Bruker Daltonics; Hamburg, Germany) which was coupled to
a nanoLC system: UltiMate 3000 LC System (Thermo Fisher Scientific; Waltham, MA,
USA) as well as an electrospray at the flow rate of 300 nL/min to a nanocolumn (PepSwift
monolithic column 100 mm internal diameter 50 mm). Each injection was spiked with
200 fmol of tryptic digested bovine serum albumin. Mobile phases of solvent A (0.1%
formic acid) and solvent B (80% acetonitrile and 0.1% formic acid) were used to elute
peptides, employing a linear gradient (10-70%) of solvent B at 0-13 min (the time-point of
retention) followed by 90% solvent B at 13—-15 min to remove all peptides in the column. A
final elution of 10% solvent B at 15-20 min was carried out to remove any remaining salts.

2.8. Bioinformatics and Data Analysis

For protein quantitation, DeCyder MS Differential Analysis software (DeCyder MS,
GE Healthcare; Boston, MA, USA) was used. Acquired LC-MS raw data were converted
and the PepDetect module was used for automated peptide detection, charge state assign-
ments, and quantitation based on peptide ion signal intensities in MS mode. The analyzed
MS/MS data from DeCyder MS were submitted to the Mascot software version 2.2 (Matrix
Science; London, UK) and searched against the Uniprot database for protein identification.
The interrogation consisted of taxonomy (Homo sapiens or Plasmodium falciparumy); enzyme
(trypsin); variable modifications (carbamidomethyl, oxidation of methionine residues);
mass values (monoisotopic); protein mass (unrestricted); peptide mass tolerance (1.2 Da);
fragment mass tolerance (£0.6 Da); peptide charge state (1+, 2+ and 3+); max missed
cleavages. Data normalization and quantification of differences in protein abundance
between the control and treated samples were performed and visualized using Multi-
Experiment Viewer (MeV) software version 4.6.1 [38]. Briefly, peptide intensities from
the LC-MS analyses were transformed and normalized using a mean central tendency
procedure. Using statistical tests of variance of differences (ANOVA), the data sets were
assessed for statistically significant amounts of protein (p < 0.05). Then, all differentially
expressed proteins were analyzed for intersections among the different sample groups
using jvenn [39]. Gene ontology annotation, including biological process, molecular func-
tion and cellular component, was performed using the PANTHER Classification System
version 17.0 (http:/ /www.pantherdb.org, accessed on 22 March 2022) [40]. The identified
proteins were simultaneously submitted to Search Tool for Interacting Chemicals (STITCH)
version 5.0 (http:/ /stitch.embl.de, accessed on 5 May 2021) (European Molecular Biology
Laboratory; Heidelberg, Germany) to search for linked cellular functions and other interac-
tions between proteins and small molecules [41]. A heatmap analysis was generated using
FunRich version 3.1.3 (http:/ /www.funrich.org, accessed on 3 April 2022) [42].

2.9. Invasion and Growth Development Evaluation

Immature schizont parasites (42—44 h) were synchronized with the Percoll gradient
solution [43]. In addition, the number of the schizont-infected and newly prepared RBCs
were counted with BD Trucount™ tubes (BD Biosciences; San Jose, CA, USA). Highly
synchronized schizont-stage parasites (0.5% parasitemia in 1 x 107 total RBCs) were seeded
onto 96-well flat-bottom plates; each well contained a final culture volume of 100 pL.
Isolated EVs were added into the cultures. Invasion efficiency was measured at 6 and 54 h
post-coculturing by staining cultured RBCs with SYRB Green I nucleic acid staining dye; at
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least 50,000 RBCs were analyzed by BD® LSR II Flow Cytometer (BD Biosciences; San Jose,
CA, USA) [44]. Data were acquired using FACSDiva™ software Version 7 (BD Biosciences;
San Jose, CA, USA) and analyzed by Flow]Jo software Version 10.8.1 (Becton, Dickinson
and Company; Ashland, OR, USA). The percentage parasitemia was determined by gating
on SYRB Green I-positive RBCs. Each experiment was set up in triplicate wells, and the
average parasitemia calculated.

2.10. Statistic Analysis

Data were analyzed using GraphPad Prism software version 9.3.1 (GraphPad; San
Diego, CA, USA) and presented as mean + SEM. The two-way ANOVA, followed by
Tukey’s post-hoc test, was used to assess differences between more than two data groups.
Differences were considered significant when the p-value was < 0.05.

3. Results
3.1. Characterization of Pf-Infected RBC-Derived EV's

The Pf-EVs and control A23187-EVs were isolated from culture supernatants by multi-
step centrifugation, and their characteristics were analyzed. According to MISEV2018
criteria, the combination of images of single EVs and single-particle analysis should be
performed to test the characteristics of EVs [45]. Thus, TEM and NTA were utilized to
determine the characteristics of these Pf-EVs and control A23187-EVs. TEM showed the
morphology of isolated Pf-Exo to be a cup-shaped membrane-bound vesicle approximately
100 nm in diameter (representative Pf-Exo; Figure 1A). By NTA, the average diameters of
Pf-Exo and Pf-MV were 97.9 & 8.1 nm and 159.7 & 27.2 nm, respectively. A representative
NTA showed that these sizes were 92.8 & 2.8 nm and 126.6 & 8.0 nm (Figure 1B). Western
blot analysis was also performed to demonstrate the presence of EV markers in isolated
Pf-EVs. B-actin and flotillin-1 were used as markers for cytosolic proteins and stomatin,
an integral membrane protein of RBCs, was used as a marker of the plasma membrane
of the originated cells. The results showed that both Pf-Exo (left lane) and Pf-MV (right
lane) carried these three proteins, but at different levels. A representative Western blot
analysis of Pf-MV and Pf-Exo isolated from 3D7 strain is shown (Figure 1C). The TEM,
NTA and Western blots confirmed that Pf-EVs were successfully isolated from supernatants
of malarial cultures.

A B C

MW Beta-actin Stomatin Flotillin-1
(kDa) {42 kDa) (33 kDa) {48 kDa)
Diameter: 92.8 £ 2.8 nm 250 N

130 .
100

70 -
55 . —

n (paricles / mi)

Congentratio

35

25

n (particles ! iy B

Diameter: 126.6 + 8.0 nm

Concentratio

Exo MV Exo My Exo Mv

_ W

e

o m w

w  mmoam
size (nm)

Figure 1. Characteristics of Pf-EVs isolated from supernatants of P. falciparum cultures. Exo, exosome;
MYV, microvesicle. (A) Representative TEM of Pf-Exo from P. falciparum 3D7. Image presents nega-
tively stained Pf-Exo, imaged by TEM at amplification of 80,000X; the bar represents 50 nm. (B) Repre-
sentative NTA results of Pf-Exo (top) and Pf-MV (bottom) from P. falciparum 3D7. (C) Representative
Western blot of 3-actin, stomatin, and flotillin-1 in Pf-Exo (left lane) and Pf-MV (right lane) from
P. falciparum 3D7-infected RBCs.
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3.2. Characterization of the Human Proteome in P. falciparum-Infected RBC-Derived EV's

To compare the proteomes found in Pf-EVs derived from different P. falciparum strains,
the proteomic profiles of Pf-EVs from the different strains and developmental stages were
identified with two databases: the human and P. falciparum protein databases.

Totals of 3717 and 3774 human proteins were found in MV and Exo isolated derived
from supernatants of A23187-activated RBCs and P. falciparum-infected RBC cultures, re-
spectively. Among these human proteins, EVs carried numerous RBC-specific proteins
including hemoglobin subunit, acetylcholinesterase, excitatory amino acid transporter
(EAAT), Band 3 anion transport protein, ankyrin, tropomodulin, CD44, CD47, glutathione
S-transferase, thioredoxin reductase, heat shock protein 90-beta (HSP 90), carbonic anhy-
drase, and 14-3-3 protein [46,47]. Our isolated EVs contained several EV-specific proteins
including AHCY, FLNA, ATP1A1, ENO1, EEF2, STOM, YWHAG, ALB, and RAB5A that are
classified as Top100 proteins in the ExoCarta database and can be used as EV markers [48].
Thus, the EVs studied here contained both RBC-specific and EV-specific proteins.

When considering the human proteins present only in MV and Exo derived from
Pf-infected RBC cultures, there were 150 proteins in Pf-MV and 164 proteins in Pf-Exo.
Of these, only three proteins were expressed in both types of EVs. They were ATP-
dependent RNA helicase DDX23 (Uniprot accession: QIBUQS8), protein disulfide-isomerase
A4 (Uniprot accession: P13667) and adenylate cyclase type 7 (Uniprot accession: P51828).
Thus, there were 147 proteins found exclusively in Pf-MV and 161 proteins found only in
Pf-Exo. In analyzing the proteins in Pf-EVs based on P. falciparum stage of development,
139 of the 150 proteins were found in both MV-E and MV-L. Ten proteins were uniquely
found in MV-E, only one in MV-L. Among 164 human proteins in the Exo, 157 were found
in both Exo-E and Exo-L. Three proteins were found uniquely in Exo-E, and four in Exo-L
(Figure 2A). The human proteins detected uniquely in MV-E, MV-L, Exo-E, and Exo-L are
listed in Table 1. These data suggested that the human proteins expressed in Pf-EVs were
unique for the type of EVs but not the stage of P. falciparum development.

Next, the common human proteins expressed in Pf-MV and Pf-Exo were analyzed
in terms of Gene Ontology (GO) annotation by PANTHER Classification System. The GO
classification system revealed that the 138 proteins in Pf-MV (MV-E and MV-L) and 154
in Pf-Exo (Exo-E and Exo-L) could be classified based on functional properties, including
those related to biological processes, molecular functions, and cellular components. The
biological processes of proteins found commonly in both Pf-MV and Pf-Exo were the
cellular process (GO:0009987), biological regulation (GO:0065007), and metabolic process
(GO:0008152). The other functional classes (less than 10.0% each) identified were: response
to stimulus (GO:0050896), localization (GO:0051179), signaling (GO:0023052), develop-
mental process (GO:0032502), multicellular organismal process (GO:0032501), locomotion
(GO:0040011), biological adhesion (GO:0022610), reproductive process (GO:0022414), re-
production (GO:0000003), immune system process (GO:0002376), growth (GO:0040007),
biological phase (GO:0044848), and biological process involved in interspecies interac-
tion between organisms (G0O:0044419) (Figure 2B). Of molecular functions, the proteins
in both Pf-MV and Pf-Exo were associated with binding (GO:0005488), catalytic activity
(GO:0003824), transcription regulator activity (GO:0140110), molecular function regula-
tor (GO:0098772), ATP-dependent activity (GO:0140657), molecular transducer activity
(GO:0060089), transporter activity (GO:0005215), structural molecule activity (GO:0005198),
cytoskeletal motor activity (GO:0003774), molecular adaptor activity (GO:0060090), and
translation regulator activity (GO:0045182) (Figure 2C). In addition, the cellular com-
ponents of proteins in both Pf-MV and Pf-Exo were involved in intracellular anatom-
ical structure (GO:0005622), membrane (GO:0016020), organelle (GO:0043226), cell pe-
riphery (GO:0071944), cytoplasm (GO:0005737), catalytic complex (GO:1902494), nuclear
protein-containing complex (GO:0140513), and intracellular protein-containing complex
(GO:01400535) (Figure 2D).
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Figure 2. Human proteins in Pf-EVs of different type and developmental stage (MV-E, MV-L, Exo-E,
and Exo-L). (A) Venn diagram showing the proteins differentially expressed in each type of Pf-EVs.
The column graph presents the number of proteins in each type of EVs, and the bar graph indicates
the number of proteins shared between types of EV. (B-D) GO annotation analyses of the common
proteins in MV (MV-E/MV-L) and Exo (Exo-E/Exo-L); (B) biological process, (C) molecular function,
and (D) cellular component.
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Table 1. List of human proteins detected only in MV-E, MV-L, Exo-E, and Exo-L.

Uniprot Accession Entry Name Protein Name
Proteins detected only in MV-E
075140 DEPD5_HUMAN DEPDC5-DEP domain containing 5
P50226 ST1A2_HUMAN SULT1A2-sulfotransferase family, cytosolic, 1A, phenol-preferring, member 2
P56696 KCNQ4_HUMAN KCNQ4-potassium voltage-gated channel, KQT-like subfamily, member 4
Q14C86 GAPD1_HUMAN GAPVD1-GTPase activating protein and VPS9 domains 1
Q5U623 MCAF2_HUMAN ATF7IP2-activating transcription factor 7 interacting protein 2
QB86YA3 ZGRF1_HUMAN C4orf21-chromosome 4 open reading frame 21
Q8TD57 DYH3_HUMAN DNAHS3-dynein, axonemal, heavy chain 3
Q96QD9 UIF_HUMAN FYTTD1-forty-two-three domain containing 1
Q9HC35 EMAL4_HUMAN EML4-echinoderm microtubule associated protein like 4
QINP80 PLPLS_HUMAN PNPLAS-patatin-like phospholipase domain containing 8
Proteins detected only in MV-L
Q14692 BMS1_HUMAN BMS1-BMS1 homolog, ribosome assembly protein
Proteins detected only in Exo-E
Q13546 RIPK1_HUMAN RIPK1-receptor (TNFRSF)-interacting serine-threonine kinase 1
Q15645 PCH2_HUMAN TRIP13-thyroid hormone receptor interactor 13
QB86YN1 DOPP1_HUMAN DOLPP1-dolichyl pyrophosphate phosphatase 1
Proteins detected only in Exo-L
060308 CE104_HUMAN CEP104-centrosomal protein 104 kDa
MGATS5-mannosyl (alpha-1,6-)-glycoprotein
Q09328 MGTSA_HUMAN beta-1,6-N-acetyl-glucosaminyltransferase
Q8N1B4 VPS52_ HUMAN VPS52-vacuolar protein sorting 52 homolog (S. cerevisiae)
Q9Y613 FHOD1_HUMAN FHOD1-formin homology 2 domain containing 1

Comparison of specific proteins carried in each EV type from different P. falciparum
strains showed that at least 40% of human proteins were found in EVs from all parasite
strains. These common proteins made up 43.6% in MV-E, 45.7% in MV-L, 40.6% in Exo-E,
and 42.2% in Exo-L. Less than 10% of these proteins were unique to a parasite strain in each
EV group (Figure 3). These data suggested that many human proteins carried in Pf-EVs
were conserved among different strains. However, the relative expression levels of these
human proteins in Pf-EVs varied with parasite strain and stage. The heatmaps of unique
human proteins carried in Pf-MV and Pf-Exo are shown in Figures S1 and S2, respectively.

3.3. Characterization of the P. falciparum Proteome in Pf-EVs

In contrast to human protein profiles, a Venn diagram analysis showed that the
P. falciparum proteins in Pf-EVs can be divided into three subgroups: (i) proteins common
to all Pf-EVs types (MV-E, MV-L, Exo-E, and Exo-L; 128 proteins), (ii) proteins expressed
only in Pf-MV (MV-E and MV-L; 32 proteins), and (iii) proteins expressed only in Pf-
Exo (Exo-E and Exo-L; 26 proteins) (Figure 4A). The P. falciparum proteins in each group
were further grouped in terms of GO classification using PANTHER Classification System.
The biological processes analysis showed that most identified proteins were involved
in cellular processes (GO:0009987), followed by the metabolic processes (GO:0008152),
biological regulation (GO:0065007), and response to stimulus (GO:0050896) (Figure 4B).
The molecular functions analysis showed that identified proteins were mainly involved
in binding (GO:0005488) and catalytic activity (GO:0003824) (Figure 4C). The cellular
components analysis showed that identified proteins in Pf-EVs were involved in the
protein-containing complex (GO:0032991), intracellular anatomical structure (GO:0005622),
cytoplasm (GO:0005737), organelle (GO:0043226), and membrane (GO:0016020) (Figure 4D).
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Figure 3. Venn diagrams showing the human proteins differentially found in each type of Pf-EVs
from 4 P. falciparum strains (3D7, NF54, TMO1, and TM02). (A) MV-E, n = 149; (B) MV-L, n = 140;
(C) Exo-E, n = 160; (D) Exo-L, n = 161. The column graph presents the number of proteins in each
strain of P. falciparum, and the bar graph indicates the cumulative number of proteins shared among
the P. falciparum strains.
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Figure 4. P. falciparum proteins in different types of Pf-EVs and stages of development (MV-E, MV-L,
Exo-E, and Exo-L). (A) Venn diagram showed the proteins differentially expressed in each type of
Pf-EVs. The column graph presents the number of proteins in each type of EVs, and the bar graph
indicates the number of proteins shared between the type of EVs. (B-D) GO annotation analysis of the
proteins common to EVs (MV-E/MV-L/Exo-E/Exo-L), MV (MV-E/MV-L), and Exo (Exo-E/Exo-L);
(B) biological process, (C) molecular function, and (D) cellular component.

To explore potential functional interactions among the P. falciparum proteins in Pf-EVs,
a network was built based on the STITCH 5 online database. An additional ten most-
related proteins have expanded the network based on high-throughput text-mining [49].
Potential functional interactions among the P. falciparum proteins were found only in MVs
(MV-E and MV-L), with 31 of 32 proteins in Pf-MV matching proteins in the database.
Functional enrichment of the KEGG pathway identified the mismatch repair (pathway
ID 03430, FDR = 0.00129), glutathione metabolism (pathway ID 00480, FDR = 0.0045),
DNA replication (pathway ID 03030, FDR = 0.0045), nucleotide excision repair (pathway ID
03420, FDR = 0.0045), glycolysis/gluconeogenesis (pathway ID 00010, FDR = 0.0159), purine
metabolism (pathway ID 00230, FDR = 0.0169), and metabolic pathways (pathway ID 01100,
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FDR = 0.0356). In Pf-Exo, 24 of 26 proteins matched with proteins in the database, and
the functional enrichment of the KEGG pathway identified ribosome (pathway ID 03010,
FDR =2.72 x 107%)

In further evaluation of the protein diversity in EVs belonging to each P. falciparum
strain, 71.4%, 72%, 65.1%, and 62.3% of proteins shared by all four strains were found
in MV-E, MV-L, Exo-E, and Exo-L, respectively (Figure 5). These data suggested that
the P. falciparum proteome in Pf-EVs was highly conserved across strains and that these
percentages were higher than those belonging to the human proteome. Heatmap analyses
comparing levels of P. falciparum proteins in each Pf-EVs type from the four P. falciparum
strains are shown in Figure S3.
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Figure 5. Venn diagrams showing the P. falciparum proteins differentially expressed in each type
of Pf-EVs from 4 P. falciparum strains (3D7, NF54, TM01, and TMO02). (A) MV-E, n = 161; (B) MV-L,
n = 161; (C) Exo-E, n = 155; (D) Exo-L, n = 154. The column graphs present the number of proteins
from each strain of P. falciparum, and the bar graphs indicate the numbers of proteins shared by
P. falciparum strains.

3.4. Pf-EVs Contain Parasite-Derived Proteins That Are Associated with Parasite Invasion

Among P. falciparum proteins found in Pf-EVs, many were major virulence proteins
which play an essential role in RBC invasion and erythrocytic schizogony, such as AMA-1,
reticulocyte binding protein, MSP-1, and EBA-175. Potential invasion-associated proteins
found in Pf-EVs are listed in Table 2. Furthermore, a heatmap analysis helped distinguish
these proteins by Pf-EV type and parasite strain (Figure 6). These data persuaded us to
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explore the relationship of these Pf-EVs to invasion efficiency and parasite development
during the intraerythrocytic schizogony of each P. falciparum strain.

Table 2. List of invasion-associated P. falciparum proteins detected in Pf-EVs.

Uniprot

A . Entry Name Protein Name Function
ccession
COH5F4 RBP2B_PLAF7 Reticulocyte binding protein 2 homolog b Involved in reticulocyte adhesion
P02893 CSP_PLAFA Circumsporozoite protein (CS) Immunodominant surface antigen on
the sporozoite
P04923 CRA_PLAFA Circumsporozoite protein-related antigen (CRA) Located within parasitophorous vacuole and
associated with membranous structures in
RBC cytoplasm
P04933 MSP1_PLAFW Merozoite surface protein 1 (Merozoite surface Pathogenesis
antigens) (PMMSA) (p195)
P06719 KNOB_PLAEN Knob-associated histidine-rich protein (KAHRP) Mimic human histidine-rich glycoproteins to
anchor host thrombospondin or a parasite analog
in a binding complex with the endothelial cell
receptor
P08569 MSP1_PLAFM Merozoite surface protein 1 (Merozoite surface Pathogenesis
antigens) (PMMSA) (p190)
P09346 KNOB_PLAFG Knob-associated histidine-rich protein Mimic human histidine-rich glycoproteins to
(KAHRP) (KP) anchor host thrombospondin or a parasite analog
in a binding complex with the endothelial
cell receptor
P10988 ACT1_PLAFO Actin-1 (Actin I) (Pf-actin I) Contribute to parasite gliding motility
P11459 RHOA_PLAFA Rhoptry antigen protein (Fragment) Participate in the invasion of RBCs by merozoites
P13816 GARP_PLAFF Glutamic acid-rich protein Enhance the adhesive properties of human RBC by
engaging band 3 receptor
P13822 SANT_PLAFP S-antigen protein (Fragment) Soluble heat-stable proteins
P13830 RESA_PLAFF Ring-infected erythrocyte surface antigen Facilitate the invagination of the red cell
P13831 RESA_PLAFN Ring-infected erythrocyte surface membrane which is necessary for the formation of
antigen (Fragment) the parasitophorous vacuole.
P14883 ACT2_PLAFO Actin-2 (Actin II) (Pf-actin II) Contribute to parasite gliding motility
P16893 TRAP_PLAFA Thrombospondin-related anonymous protein Cell adhesion
P19214 EBA1_PLAFC Erythrocyte-binding antigen 175 (EBA-175) Host cell surface receptor binding
P19259 PF12_PLAFA Merozoite surface protein PF12 Cleaved from the surface during invasion
P20147 HSP90_PLAFP Heat shock 90 kDa protein homolog (Fragment) Molecular chaperone
P50489 AMA1_PLAFC Apical membrane antigen 1 (Merozoite Involved in parasite invasion of erythrocytes
surface antigen)
P62343 CDPK1_PLAFK Calcium-dependent protein kinase 1 (EC 2.7.11.1) Required for microneme secretion and thus
(PfCDPK1) (PfCPK) merozoite egress from and invasion of
host erythrocytes
P69192 SERA_PLAFG Serine-repeat antigen protein (111 kDa It may function at the RBC membrane, perhaps as
antigen) (p126) a component that influences the invasion process
P86148 RBP1_PLAF7 Reticulocyte-binding protein PFD0110w Involved in reticulocyte adhesion
Q03400 SANT_PLAF7 S-antigen protein Soluble heat-stable proteins
Q27727 ENO_PLAFA Enolase (EC 4.2.1.11) (2-phospho-D-glycerate Catalytic activity
hydrolyase) (2-phosphoglycerate dehydratase)
Q8I12J4 PROF_PLAF7 Profilin Essential for the invasive blood stages of
the parasite
Q81467 CADF1_PLAF7 Cofilin/actin-depolymerizing factor homolog 1 Essential for erythrocytic schizogony
Q8I4R2 RBP3_PLAF7 Reticulocyte-binding protein 3 Involved in reticulocyte adhesion
Q8I5D2 ABRA_PLAF7 101 kDa malaria antigen (Acidic basic repeat Located at the merozoite surface, within the
antigen) (p101) parasitophorous vacuole of P. falciparum
Q8I6U8 GBP_PLAF7 Glycophorin-binding protein (GBP-130) Involved in erythrocyte invasion
QB8IBS5 CDPK4_PLAF7 Calcium-dependent protein kinase 4 (EC 2.7.11.1)  Host RBCs and hepatocytes infection cycles, sexual
reproduction and mosquito transmission of
the parasite
Q8ID66 PF92_PLAF7 Merozoite surface protein PF92 Cys-rich surface protein; binds factor H
andinvolved in complement evasion
QB8IDR3 MYOA_PLAF7 Myosin-A (PfM-A) Actin-based motor molecules with ATPase activity
which critical for P. falciparum RBC invasion
Q8IDX6 RBP2A_PLAF7 Reticulocyte-binding protein 2 homolog a Involved in reticulocyte adhesion
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Figure 6. Heatmap of differential expression levels of invasion associated P. falciparum pro-
teins detected in Pf-EVs. Side bar indicates differential protein expression between each sample
(blue: decrease, red: increase). Rows: proteins; columns: samples.

3.5. Pf-EVs in Invasion Efficiency and Growth Development

The following experiment explored whether the Pf-EVs carrying invasion-associated
P. falciparum proteins affected the merozoite RBC invasion process during the parasite’s
life cycle. We added either MV (A23187-MV, Pf-MV-E and Pf-MV-L) or Exo (A23187-Exo,
Pf-Exo-E and Pf-Exo-L) at 1 x 10 particles into cultures containing 1 x 107 RBCs. The
cultures began with 0.5% parasitemia, and after two erythrocytic cycles were re-measured.

The first invasion cycle was determined at 6 h post co-incubation or after schizont
rupture. The co-incubation then was continued over 48 h for second schizont rupture and
was determined percentage of parasitemia as the second invasion cycle. The percent change
of parasitemia was calculated relatively to control which was referred to the condition
without the addition of EVs. In the first invasion cycle post-coincubation, the percentages
of changes in parasitemia of control EVs (A23187-MV and A23187-Exo) from four strains
were varied from 90.58 + 4.38 to 102.04 & 2.55, while those of Pf-MV coculture ranged
from 80.15 £ 5.51 to 104.20 + 2.38 and those of Pf-Exo coculture ranged from 83.90 & 1.67
to 102.33 & 2.54. Thus, the data seem to suggest that the effect of Pf-EVs on the invasion
process was not clearly demonstrated at this time point. By contrast, in comparison with
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A23187-MV in the second invasion cycle, we observed a slight reduction in percent change
in parasitemia with Pf-MV derived from NF54, TM01, and TMO02 strains; Pf-Exo did not
alter the culture parasitemia (Figure 7A).
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Figure 7. The effect of MV-E, MV-L, Exo-E and Exo-L treatment in P. falciparum invasion. (A) The
percent change of parasitemia in the presence of 1 x 10° EVs relative to control culturing without
EVs in P. falciparum 3D7, NF54, TM01 and TMO02, as indicated, at 6 h post-co-culture (top row, first
invasion cycle) and 54 h post-co-culture (bottom row, second invasion cycle). (B) Line graphs
represent percent change of parasitemia in the presence of 5 x 10° Pf-MV relative to control culturing
without MV over two invasion cycles of 3D7, NF54, TM01 and TM02, as indicated. Percent change of
parasitemia at second invasion cycle were compared between control culturing without MV and MV
treatment group using a two-way ANOVA, followed by Tukey’s post-hoc test (*: p < 0.05, **: p < 0.01,
#: p < 0.001, ****: p < 0.0001).

To clarify the effect of Pf-MV on parasite invasion and growth, we increased the
number of Pf-MYV particles five-fold added to the cultures. As a result, there were short-
term effects on P. falciparum development. However, when the co-cultures were observed
through the second invasion cycle, significant reductions in parasite populations in cultures
were seen with both MV-E and MV-L derived from NF54, TM01, and TMO02 strains, but not
from the 3D7 strain (Figure 7B). This finding suggested that EVs, especially Pf-MV, secreted
from iRBCs moderate parasite growth of many P. falciparum strains.

4. Discussion

Like many other pathogens, EVs secreted from Plasmodium malaria play a role in
disease complications. Indeed, elevated levels of circulating EVs have been detected
in plasma of malaria-infected patients and correlated with severity of the disease [12,21].
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Recently, RBC EVs derived from P. falciparum culture supernatants were widely investigated.
In vitro studies demonstrated the role of RBC EVs in intercellular communication between
parasite populations. Parasite genetic material is transferred via RBC EVs and internalized
into iRBCs, influencing the transmission stage of parasites [25,29]. Obviously, parasite
growth in vitro has limited maximum growth capacity. RBC EVs are reported to have a key
role in the control of parasite density [30]. However, the way in which EVs impact in vitro
cultures may reveal interesting mechanisms. For example, the priming of naive RBCs with
EVs supports parasite growth by altering membrane stiffness [50]. Thus, the involvement
of EVs in intercellular parasite communication (parasite—parasite and host—parasite) is
complex and needs to be better elucidated [51-53].

EVs play a key role in intercellular communication by transferring bioactive molecules
such as proteins and genetic materials from parasites to host cells and parasites to parasites,
thereby modifying the properties of recipient cells [25,27,34,50,54-56]. EVs in plasma have
several cellular origins. EVs in supernatants of P. falciparum-RBC cultures are less numerous
than in plasma of malaria patients. In this study, Pf-EVs were derived from the cultures
of four P. falciparum strains, 3D7, NF54, TMO01, and TMO02. P. falciparum NF54 is a strain
isolated from a patient with uncomplicated malaria in the Netherlands, but the origin of
the parasite is thought to be in Africa [57,58]. P. falciparum 3D7 is one of the most studied
strains of P. falciparum in research laboratories and is a clone from P. falciparum strain NF54.
Although the NF54 and 3D7 are assumed to be genetically identical, phenotypic differences
when grown in culture are reported [59]. The P. falciparum strains TM01 and TM02 were
culture-adapted isolates which collected from uncomplicated and severe falciparum malaria
patients in Thailand, respectively. In this study, EVs were termed as MV or Exo based on
differential centrifugation at 21,000 x g and 110,000x g, respectively. The average diameter
of MV was 159.7 £ 27.2 nm, and the average diameter of Exo was 97.9 + 8.1 nm. We
admit that our separation protocol may not be sufficient to isolate Pf-MV and Pf-Exo as an
overlap of the size ranges of both EVs was observed.

To determine protein content during distinct stages of development, parasites were
synchronized and RBC culture supernatants were harvested after 24 and 48 h to acquire
early and late stages, respectively. From the comparative proteomic profiling, both host and
parasite proteins were identified in EVs. Among human proteins, the majority involved
RBC membrane and cytosolic proteins such as hemoglobin, band 3, band 7 (stomatin),
spectrin, CD47, CD55, acetylcholinesterase, and carbonic anhydrase, which are known
to be enriched in RBC EVs [60-62]. When considering the human proteins found only in
Pf-EVs (not in A23187-EVs), there were 150 proteins in Pf-MV and 164 proteins in Pf-Exo.
Of these, only three proteins were expressed in both types of EVs. Considering the parasite
protein profiles in early- and late-stage EVs, less than ten proteins were unique to one
stage or the other (Table 1). Thus, human proteins expressed in Pf-EVs were unique for
the type of EVs but not the stage of parasite and were common across strains. In contrast
to human proteins, P. falciparum proteins were most often common to all Pf-EVs types
(n =128 proteins), but 32 were found only in Pf-MV and 26 only in Pf-Exo. Moreover,
62-72% of proteins were associated with all four strains.

Interestingly, P. falciparum protein profiles revealed several invasion-associated pro-
teins in Pf-EVs. For example, MSP-1 (an essential protein in the parasite’s initial contact),
proteins involved in the apical orientation step (EBA-175, PfRh1, PfRh2a, PfRh2b, and
PfRh3), and AMAL1 (a crucial protein in tight junction formation) were all found. More-
over, these parasite proteins are common in RBC EVs derived from P. falciparum culture
supernatants [25,27,30,50,56,63]. Other interesting parasite proteins that were identified by
proteomics include two proteins linked to the iRBC surface membrane, RESA and KAHRP.
While these P. falciparum proteins were present in Pf-EVs from all four strains, the relative
expression levels were observed. For instance, myosin-A, GBP-130, and AMA1 were less
frequent in Pf-MV from 3D7 in comparison with other strains.

Focusing on the influence of EVs on parasite growth development, there have been
interesting approaches to study this aspect. Mantel et al. profiled EV products and
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identified abundant RBC lipid raft proteins, RBC membrane proteins and others involved
in parasite invasion of RBCs [25]. Their approach was to treat ring stage parasites with
RBC EVs and investigate parasitemia after 48 h. However, they did not observe significant
alterations in growth rates. In contrast to this finding, we showed that Pf-EVs, in particular,
Pf-MVs from all strains, had more effect in terms of attenuating parasite invasion efficiency
than did Pf-Exo, and the effects of Pf-MVs were significant only at high dose. Our study is in
line with a report by Correa et al., who modified the approach by adding EVs isolated from
high parasitemia cultures into those with mature trophozoites; they observed significant
reductions in growth after 24 h [30]. Moreover, they identified Pf-LDH as an inducer of
apoptosis and parasite density control. Recently, Dekel et al. modified the experiment
again by priming naive uninfected-RBCs (uRBCs) with Pf-EVs for 18 h and then introduced
them to late-stage parasites [50]. After 12 h, they found an increase in parasite levels in
the EV pretreatment cultures. They identified 20S proteasome as a key feature in altering
RBC membrane stiffness and so facilitating parasite growth. In consistent with this report,
we found both human and parasite proteins except that we did not find proteasomes of
parasite origin. These discrepancies in the protein contents could be partially ascribed to:
(1) Different approach in treating uRBCs with Pf-EVs. In our study, uRBCs were exposed to
both Pf-EVs and parasites at the same time during malaria cultures without pretreatment
with Pf-EVs. (2) Different stages of Pf-EVs that were used to treat the uRBCs. Unlike Dekel
et al., who used late-stage Pf-EVs [50], our experiment used both early- and late stage-
derived EVs. It is reasoned that EVs at different stages of parasite development exploit
distinct selective sorting mechanisms for proteins and their mRNAs. Cumulative evidence
suggests the existence of regulators that control the sorting of protein/mRNA cargo into
EVs and their release by utilizing parasite own protein network [26,29,50,64]. While
further study is needed to understand the complex molecular nature of such differences in
proteomes, we suggest that such differences might be associated with distinct cargo sorting
at each stage of parasite development which might have a crucial role in parasite-host
communication.

Because certain P. falciparum strains are considered more virulent than others, and
parasites causing severe malaria have greater invasion potential with less selective and
multiplied more at high parasitemia than those of uncomplicated malaria [50,65,66]. An
analogy with this notion would suggest that EVs from virulent and non-virulent malaria
parasites may have different multiplication rates and invasiveness when invading host
RBCs. In an effort to better understand the effect of Pf-EVs on the invasion efficiency
and growth development during intraerythrocytic schizogony of each P. falciparum strain,
in this study, we determined the effects of EVs both immediately after schizogony and
then again after a second invasion cycle. Surprisingly, Pf-MVs from all strains had more
of an effect attenuating parasite invasion efficiency than Pf-Exo. However, the effects of
Pf-MVs were significant only at a high dose. Interestingly, no significant difference in
parasite growth was observed when EVs isolated from uncomplicated (TM01) and severe
(TMO02) falciparum malaria were used to treat uRBCs. It should be emphasized here that the
parasite growth in our study has limitations that must be considered; since our approach
used an in vitro model, it was limited by the lack of a host immune response since RBCs
were the only source of EVs. These limitations might explain the similar findings among
strains that differed in virulence. Though the protein contents present in Pf-EVs were highly
conserved among all four P. falciparum strains, the effects of Pf-MV were markedly different
in culture-adapted isolates versus laboratory reference strains. Long-term P. falciparum
laboratory strains, such as 3D7, have been adapted to easily maintain the culture, whereas
more recently acquired P. falciparum isolates might be more susceptible to intercellular
communication. However, as the effect of EVs in invasion activities is from the whole EVs
activity, the results cannot indicate the exact potential essential proteins in the process. In
addition, because we did not include the drug-resistant P. falciparum strains in the study,
questions about the differences in EVs from these strains still need further investigation.
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This finding provides some knowledge to better understand the role of Pf-EVs in reg-
ulating malaria parasite growth. Furthermore, as Pf-EVs act as cargo carrying the quorum-
sensing molecules with invasion inhibitory activity, identifying potential quorum-sensing
molecules in Pf-EVs might benefit the new therapeutic approach and management during
malaria infection. For example, administering the current antimalarial drugs combined
with synthetic quorum-sensing molecules or bioengineered EVs carrying quorum-sensing
molecules, these should synergize with each other in controlling the parasitemia in drug-
resistance malaria strain. In addition, the EVs or quorum-sensing molecules might be used
as a biomarker for cell-free diagnosis in the endemic malaria area, in which the mutant
P. falciparum parasites lack histidine-rich protein and cannot be detected with the present
rapid diagnostic tests.

5. Conclusions

This work investigated protein cargos in Pf-EVs generated from four strains of
P. falciparum using LC-MS/MS analysis. Their protein profiles revealed human proteins
related to RBC EV markers and highly conserved P. falciparum proteins associated with
the RBC invasion process. Unexpectedly, Pf-MVs had the effect of attenuating, rather than
supporting, parasite invasion efficiency. Our evidence supports the involvement of Pf-EVs
in growth-density regulation via a quorum sensing-like mechanism, a process observed
across strains of P. falciparum.
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