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Malaria parasites release vesicle subpopulations
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Abstract

Malaria is the most serious mosquito-borne parasitic disease,
caused mainly by the intracellular parasite Plasmodium falciparum.
The parasite invades human red blood cells and releases extracel-
lular vesicles (EVs) to alter its host responses. It becomes clear that
EVs are generally composed of sub-populations. Seeking to identify
EV subpopulations, we subject malaria-derived EVs to size-
separation analysis, using asymmetric flow field-flow fractionation.
Multi-technique analysis reveals surprising characteristics: we
identify two distinct EV subpopulations differing in size and pro-
tein content. Small EVs are enriched in complement-system pro-
teins and large EVs in proteasome subunits. We then measure the
membrane fusion abilities of each subpopulation with three types
of host cellular membranes: plasma, late and early endosome.
Remarkably, small EVs fuse to early endosome liposomes at signifi-
cantly greater levels than large EVs. Atomic force microscope imag-
ing combined with machine-learning methods further emphasizes
the difference in biophysical properties between the two subpopu-
lations. These results shed light on the sophisticated mechanism
by which malaria parasites utilize EV subpopulations as a commu-
nication tool to target different cellular destinations or host
systems.
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Introduction

Extracellular vesicles (EVs) are membranous particles released by
cells of a wide range of living organisms, including pathogens, into
their microenvironment carrying bioactive cargo such as RNA,
DNA, proteins and lipids (Coakley et al, 2015; Schorey et al, 2015;
Malda et al, 2016; Osteikoetxea et al, 2016; Théry et al, 2018; Ofir-
Birin & Regev-Rudzki, 2019; Pegtel & Gould, 2019; Wortzel et al,
2019; Torrecilhas et al, 2020). These particles are often classified
according to their size, biogenesis and biochemical features into
three main groups: exosomes, microvesicles (MVs) (Chaavez et al,
2019) and apoptotic bodies (Willms et al, 2018). EVs are isolated
using various methods, including differential ultracentrifugation,
size exclusion chromatography (SEC), density gradient flotation and
gel filtration (Gardiner et al, 2016; Théry et al, 2018). Until recently,
three main groups of secreted vesicles were classified; exosomes,
derived from multivesicular bodies originating from late endosomes
with typical diameters in the range of 30-150 nm, microvesicles
resulting from the budding of the cell membrane which measures
from 100 to 1,000 nm (Doyle & Wang, 2019), and apoptotic bodies
released from the cell surface during apoptosis which reach sizes of
5,000 nm (Osteikoetxea et al, 2016; Willms et al, 2018; Doyle &
Wang, 2019). Previously, cancer-derived exosomes have been clas-
sified into three subpopulations, large exosome vesicles (Exo-L) 90—
120 nm, small exosome vesicles (Exo-S) 60-80 nm and non-
membranous nanoparticles termed (exomeres) ~35 nm (Zhang
et al, 2018, 2019). Given this evolving notion that the ensemble of
secreted vesicles consists of several sub-groups (Mathieu et al,
2021), numerous technologies have been established to identify the
distinct EV sub-groups including flow cytometry and asymmetric
flow field-flow fractionation (AF4) (Gardiner et al, 2016; Willms
et al, 2018).

AF4 separates particles based on their radius of gyration (i.e.,
size) in a channel consisting of a permeable and a semi-permeable
membrane, with two different flows across the chamber: a

OV hAWN R

Department of Biomolecular Sciences, Weizmann Institute of Science, Rehovot, Israel

Department of Chemical Research Support, Weizmann Institute of Science, Rehovot, Israel

Smoler Proteomics Center, Department of Biology, Technion — Israel Institute of Technology, Haifa, Israel
Bioinformatics Unit, Life Sciences Core Facilities, Weizmann Institute of Science, Rehovot, Israel
Department of Pharmaceutical Sciences, Federal University of Sao Paulo, UNIFESP, Diadema, Brazil
Laboratory of Helminthology, Faculty of Microbiology, University of Costa Rica, San José, Costa Rica
*Corresponding author. Tel: +972-8-9343160; E-mail: mattia.morandi@weizmann.ac.il

**Corresponding author. Tel: +972-8-9343160; E-mail: neta.regev-rudzki@weizmann.ac.il

© 2022 The Authors. Published under the terms of the CC BY NC ND 4.0 license

EMBO reports 23: €54755[2022 1 of 18


https://orcid.org/0000-0002-4878-5359
https://orcid.org/0000-0002-4878-5359
https://orcid.org/0000-0002-4878-5359
https://orcid.org/0000-0003-4299-7454
https://orcid.org/0000-0003-4299-7454
https://orcid.org/0000-0003-4299-7454
https://orcid.org/0000-0002-2891-1514
https://orcid.org/0000-0002-2891-1514
https://orcid.org/0000-0002-2891-1514
https://orcid.org/0000-0003-4255-3351
https://orcid.org/0000-0003-4255-3351
https://orcid.org/0000-0003-4255-3351
https://orcid.org/0000-0001-5724-2199
https://orcid.org/0000-0001-5724-2199
https://orcid.org/0000-0001-5724-2199
https://orcid.org/0000-0003-3543-168X
https://orcid.org/0000-0003-3543-168X
https://orcid.org/0000-0003-3543-168X
https://orcid.org/0000-0003-2007-7198
https://orcid.org/0000-0003-2007-7198
https://orcid.org/0000-0003-2007-7198
https://orcid.org/0000-0001-8467-4552
https://orcid.org/0000-0001-8467-4552
https://orcid.org/0000-0001-8467-4552
https://orcid.org/0000-0001-7252-0193
https://orcid.org/0000-0001-7252-0193
https://orcid.org/0000-0001-7252-0193
https://doi.org/10.15252/embr.202255499

EMBO reports

transverse cross-flow that pushes the molecules toward the semi-
permeable membrane, and a longitudinal flow that moves the mole-
cules forward to the detector (Willms et al, 2018). In this way, small
particles with high diffusion coefficients are eluted earlier than
larger particles that are accumulated in the membrane. Therefore,
the equilibrium between the two orthogonal flows will dictate the
resolution of a complex sample into distinct particle subpopulations
(Zhang & Lyden, 2019). In addition, AF4 devices are coupled with
UV and multi-angle light scattering (MALS) detectors, which pro-
vide further information about the protein content and estimated
radius of the particles. Indeed, AF4 has been used for the isolation
of EVs from neurons (Kang et al, 2008), lymphoblastoid B cells
(Sitar et al, 2015), urine (Oeyen et al, 2018) and for the analysis and
identification of EV sub-populations from various cancer cell lines
(Zhang et al, 2018).

The Apicomplexa parasite Plasmodium falciparum (Pf) is one of
the most virulent malaria species and is responsible for most clinical
cases, mainly among children and pregnant women (Cowman et al,
2016). Malaria-infected RBCs secrete EVs containing parasite-
derived DNA, RNA and protein cargo (Sisquella et al, 2017; Toda et
al, 2020; Avalos-Padilla et al, 2021; Dekel et al, 2021; Ofir-Birin et
al, 2021). These secreted EVs have been implicated in host pathogen
crosstalk with cells of the immune system (Mantel et al, 2013;
Sisquella et al, 2017; Sampaio et al, 2018; Ye et al, 2018; Demarta-
Gatsi et al, 2019; Ofir-Birin et al, 2021), in parasite—parasite commu-
nication (Mantel et al, 2013; Regev-Rudzki et al, 2013), in host RBC
priming (Dekel et al, 2021) and in erythropoiesis (Neveu et al,
2020). Mature RBCs lack internal organelles, endocytosis and exocy-
tosis machinery (Moras et al, 2017), indeed it has been demon-
strated that the Plasmodium parasite utilizes its own protein
network to release EVs (Regev-Rudzki et al, 2013; Avalos-Padilla et
al, 2021). It was demonstrated that the parasitic protein PfPTP2 is
involved in the budding of the EVs from Pf-iRBCs (Regev-Rudzki et
al, 2013). Additionally, Pf possesses functional ESCRT-III machinery
to produce EVs, involving the action of the parasitic proteins PfBrol
and PfVps32/PfVps60 (Avalos-Padilla et al, 2021).

In this study, using the AF4 apparatus combined with both
atomic force microscopy (AFM) and cryo-transmission electron
microscopy (cryo-TEM), we resolved the EV subpopulations
released by Pf-iRBCs. Interestingly, we found two distinct subpopu-
lations of EVs that differed in their average size, one being 26 nm
(EV fraction 3) and the other 69 nm (EV fraction 4). We next
performed proteomic analysis on these EV subpopulations and
showed that the enriched cellular pathways are different for each
subpopulation with complement system proteins in the small EVs
and proteasome proteins in the largest EVs. Moreover, we employed
Laurdan staining assay and AFM puncture analysis combined with
machine learning methods to show that fraction 3 (F3-EVs) exhibit
a more tightly packed membrane as compared to fraction 4 (F4-
EVs), expressed by the larger force required to pierce the mem-
brane, with two distinct sub-populations comprising the different
samples. Lastly, using Forster resonance energy transfer (FRET)-
based fusion assay we demonstrated that the EV subpopulations are
able to fuse to liposomes, mimicking the plasma membrane and
early and late endosomes. Surprisingly, F3-EVs fuse in early endo-
somal conditions at significantly greater levels as compared to F4-
EVs, suggesting cargo release at different subcellular localizations
for each of these EV subsets. Our data demonstrate that Pf-iRBCs
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release two distinct subpopulations of EVs which differ in their pro-
tein content, biophysical properties and fusion capacity. Therefore,
this study may shed light on how malaria parasites utilize the pow-
erful EV pathway to secrete particles responsible for discrete func-
tions in the parasite-host interaction.

Results

EVs derived from Pf-iRBCs are divided into two distinct
subpopulations

To identify EV subpopulations released by Pf-iRBCs we set up the AF4
system (schematic and workflow illustration Fig 1A), in which the
entire EV population harvested from PfiRBCs (Fig EV1A) was injected
into the apparatus. The analysis revealed a separation profile of four
main particle fractions (Fig 1B) based on the separation of the Pf-
derived EVs via hydrodynamic radius (Fig 1C and D using the AF4
cross and longitudinal flows). The distribution of fraction sizes ranged
from 10 nm up to 350 nm (Fig 1C). The particles from the two initial
fractions, 1 and 2 were collected from 9 to 12.5 min and from 13 to
17.5 min (Fig 1B), respectively. The average radius of particles from
fraction 1 was 18 + 8 nm and for fraction 2 it was 10 + 10 nm
(Fig 1D). Fraction 3 ranged from 25 to 45 min and particles were
31 + 9 nm. Lastly, fraction 4 appeared between 50 and 75 min and
the average particle size was 168 + 22 nm (Fig 1D). Samples from
each fraction were collected and concentrated for further analysis. The
estimated radii of gyration obtained from the AF4 apparatus were cal-
culated by applying an intensity distribution function fitted to a ran-
dom coil model to monitor the size throughout the separation process.
The random coil model cannot, however, reliably deduce sizes for dis-
persed proteins in solution and is suboptimal for measurement of vesi-
cle radii, therefore it was only employed for monitoring and not to
obtain a true measurement of the EV fractions, which were more accu-
rately quantified with AFM and cryo-TEM analysis.

Based on the size analysis we hypothesized that the first two
fractions are protein aggregates while the last two fractions contain
two types of EV subpopulations. Thus, we set the system to further
purify the particle subpopulations by subjecting the fractions to a
sucrose cushion separation (Alexander et al, 2016). Isolating EVs by
ultracentrifugation is known to lead to co-sedimentation of protein
aggregates with the EVs (Langevin et al, 2019). Thus, to further sep-
arate vesicle structures prior to AF4 analysis, EVs were subjected to
a 20% sucrose cushion (Alexander et al, 2016; Langevin et al,
2019), a method that reduces protein aggregate sediments. Indeed,
AF4 separation post-sucrose cushion revealed only two major peaks
(Fig 1E).

Atomic force microscopy imaging analysis showed a clear differ-
ence in the particle size distribution of the four different fractions
prior to the sucrose cushion (Figs 2A and B, and EV1B). The aver-
age radii of particles from fractions 1 to 4 were 14 + 5, 19 £+ 8,
26 £+ 14 and 69 + 46 nm, respectively.

Biophysical characterizations of Pf-derived EV subpopulations
Atomic force microscopy 3D imaging analysis confirmed that EVs

are present in both fractions 3 and 4 but not in fractions 1 and 2
(Figs 2C and D, and EV1B); the results presented in the box plot

© 2022 The Authors
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Figure 1. AF4 fractionation profile of Pf-derived EVs.

A
B

Illustration demonstrating the workflow of an AF4 separation. The xg refers to centrifugation at 150,000 g or 100,000 g.

Graph shows the four peaks collected from Pf-derived EVs (continuous black line) post AF4 separation. Fractions 1 and 2 were collected from 9 to 12.5 and from 13 to
17.5 min respectively, fraction 3 from 25 to 45 and fraction 4 from 50 to 75 min.

Representative overlay profile from (B) with the radius of gyration (Rg) of the Pf-derived EVs, latter displayed as dots.

Table summarizing the average size distribution and standard deviation of the four peaks based on their Rg for three separate biological replicates. The F4-EV Rg is
significantly larger than the others (2-way ANOVA, accounting for batch effect followed by Tukey’s post hoc test; p (4-3) = 0.0000923, p (4-2) = 0.0000405 and p (4-
1) = 0.0000558), ****P < 0.0001.

Continuous blue trace shows the two peaks collected from Pf-derived EVs post sucrose cushion for further analysis. Color-coding as in (B) and (D) above. These results
are a representative sample taken from one of three independent biological repeats.
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Figure 2. AFM analysis of Pf-derived EV subpopulations.

A Distributions of EV sizes in fractions 1-4 measured from AFM images. Size distributions were quantified combining three separate biological replicates, for a total of
fraction 1 n = 391, fraction 2 n = 853, fraction 3 n = 623 and fraction 4 n = 2251.

B Representative AFM images for each fraction at different magnifications. Scale bars are (left to right)—400, 100 and 50 nm.

C EV size analysis results for fractions 3 and 4 presented as box plots. The black dots represent outliers and the black horizontal line represents the median, the black
diamonds represent outliers, boxes represent 25-75% of the data and the lines inside the boxes are the medians. Minimum and maximum values are indicated by the

whiskers. F4-EV values were larger than F3-EVs (t-test on log-transformed values; toys = 42.3, P = 2.2e 5, effect size: Cohen’s D = 1.94). ****p < 0,0001.
D Representative AFM 3D images of single EVs for each fraction.
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(Fig 2C) clearly show that a wider distribution of sizes is present in
fraction 4 compared to fraction 3. Particle size distributions of 10-70
and 30-300 nm were imaged in fractions 3 and 4, respectively.
Additionally, 3D images of EV subpopulations obtained by the AFM
revealed particles with a morphology (diameter and height) typical
for EV structures (Fig 2D).

Cryo-TEM imaging of the resulting AF4 fractions was employed
to further validate the AFM measurements and indeed demonstrated
that both fractions 3 and 4 contained EVs with distinct size distribu-
tions. No vesicular structures were detected in fractions 1 and 2 (Fig
EV1C and D). Vesicles isolated in fraction 3 (F3-EVs) displayed a
smaller size (Fig 3A top panel), and a narrow size distribution, with
an average diameter of 55 + 11 nm (Fig 3B, median: 53 nm), com-
pared to EVs from fraction 4 (F4-EVs), which were larger (Fig 3A
bottom panel) and presented a broader size distribution
(108 + 53 nm; median: 81 nm, Fig 3B).

Measurements of the size distribution from Cryo-TEM images for
the two fractions show a partial overlap between F3-EVs and F4-EVs
in the 60-70 nm size range (Fig 3B). These results are in agreement
with those of AFM (although the size ranges are slightly different
here due to statistical fluctuations for the cryo-TEM where fewer
images were obtained), indicating that Pf-derived EVs are composed
of two subpopulations with different typical sizes.

Distinct cellular protein enrichments of Pf-derived EV
subpopulations

Having established that Pf~IRBCs secrete two distinct EV subpopula-
tions we directed efforts to investigate their protein cargo, by
performing quantitative label-free proteomics analysis (Fig 4A—C).
Importantly, one of the major limitations of AF4 technology is that
each EV subpopulation is collected at a relatively low concentration,
which leads to insufficient protein quantities for western blot analy-
sis. We thus pursued other means for the proteomic analysis for the
two EV fractions (F3-EVs and F4-EVs). The EV proteins were
extracted, trypsinized, separated by capillary liquid chromatography
and analyzed by tandem mass spectrometry (LC/MS/MS). The
abundance profile was compared: 132 proteins were identified, of
which 23 were Pf-derived proteins and the rest (109) were human
(Fig 4A, Dataset EV1). Pf proteins included ribosomal proteins, his-
tones, chaperones, metabolic enzymes, transmembrane proteins
and several coiled-coil proteins with unknown functions (N = 23)
(Dataset EV1). Only proteins that were quantified in at least two
repeats from the same group (F3-EVs or F4-EVs) were taken for fur-
ther analysis. Sixty-six proteins were significantly different compar-
ing the F3 and F4 fractions at g-value <0.05 and 20 were unique to
one of the groups (Fig 4B). Two of the Pf proteins were unique to
the F4-EVs: PFNF54_02665 which is a Ring-exported protein 1, and
PFNF54_04990, a 60S ribosomal protein L27. Two other highly dif-
ferential proteins are PFNF54_01656 which is a small exported
membrane protein 1 and PFNF54_05498, a chaperonin (HSP60). On
the other hand, PFNF54_03023, Histone H4 and PFNF54_04974,
glyceraldehyde-3-phosphate dehydrogenase were unique to F3-EVs
(Dataset EV2).

Among the human host proteins, many enzymes involved in cell
signaling, endocytosis and cell motility were identified (Fig EV2A
and B). Notably, proteolysis related proteins were more prevalent in

the F4-EVs (Fig 4C) including proteasome subunits (PSMBG6,

© 2022 The Authors
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Figure 3. Cryo-TEM imaging of Pf-derived EV fractions reveals two dist-

inct size populations.

A Representative cryo-TEM micrographs for fraction 3 (top row) and fraction
4 (bottom row) for Pf-derived EVs post AF4 fractionation. Both subpopula-
tions display a clear vesicular structure with a visible 4 nm bilayer. Fraction
3 shows a typical smaller diameter in the 30-70 nm range, whereas frac-
tion 4 displays a much broader size, ranging from 70 to 300 nm. Scale bar
—50 nm.

B Diameter distribution of both fractions measured from cryo-TEM images of
the two EV subpopulations. Fraction 3 (red bars), consistent with represen-
tative images, has a narrow distribution centered at 50 nm. Fraction 4 (blue
bars), presents a broader size distribution with two putative peaks, centered
at 70 and 170 nm, respectively. The two subpopulations display a size over-
lap in the 75 nm range. Size distributions were quantified from three sepa-
rate biological replicates of the two subpopulations, for a total of n = 57
vesicles for fraction 3 and n = 45 vesicles for fraction 4, with at least 7 vesi-
cles for each biological repeat. Data presented as count distributions with a
25 nm bin size.

PSMAS, VCP and PSMA1) and these results are in line with a previ-
ous study which found that the 20S proteasome complexes are
encapsulated within Pf-derived EVs (Dekel et al, 2021; Sharon &
Regev-Rudzki, 2021). We also identified within the EVs, ESCRT pro-
teins (HGS, STAM) and proteins involved in metabolic processes
(APEH, VCP, TPP2, UBC). In addition, cell redox homeostasis
(PRDX2, PRDX6 and TXN) was identified mainly in F4-EVs (Dataset
EV3). On the other hand, proteins that regulate the complement sys-
tem activation (C3, C2 and CD59) were mainly identified in the F3-

EMBO reports 23:e5475512022 5 0f 18
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Figure 4. Proteomic analysis of Pf-derived EV subpopulations.
Total proteins from different subpopulations were trypsinized, identified and quantified using label-free quantitative mass spectrometry.

Volcano Plot of differentially expressed EV proteins between F3-EVs and F4-EVs. The Volcano Plot presents significant results of a t-test with permutation-based FDR
calculation by Log2 fold change (difference) and significance (—Log P) using the Perseus software.
Euclidean heat map diagram presenting an unsupervised hierarchical clustering of the different EV groups. The clustering was based on the intensities of the
identified proteins and was generated by the Perseus software—a zoom on the differential proteins is presented.
Pathway analysis of the two EV fractions based on STRING. Quantification and averaging of four independent biological replicates. Reference list: Homo sapiens or

A

EV sample (Fig 4C, Dataset EV3). General examination of the sub-
cellular localization annotation of proteins revealed comparable

Plasmodium falciparum (all genes in the database).

localizations of the two fractions (Fig EV2C).
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marker (Ankyrin-1), complement (C3) and proteasome (PSMA1 and
PSMB2) proteins using WB analysis for the EV pool (Fig EV2D).
These data indicate that the malaria parasite releases two EV sub-
populations that differ in size and protein content, suggesting a dis-
tinct role for each subpopulation.

Pf-derived EV subpopulations have distinct fusion capabilities
toward different subcellular membranes

The existence of two separate vesicle subpopulations, with different
size distributions and distinct protein cargo enrichment, suggests
that each individual subset may be dedicated to a specific function,
and therefore might display specificity or preference toward certain
cellular targets. Secreted EVs interacting with recipient cells will
encounter different environments across their internalization path-
way. The initial contact for EVs will be the cell plasma membrane,
and subsequently uptake will occur leading to endocytosis, charac-
terized by progressive acidification of the pH and a change of the
endosomal lipid composition as maturation from early to late endo-
some takes place (Huotari & Helenius, 2011).

We therefore aimed to examine whether the EV subpopulations
might possess different preferences in fusing with membranes of
such cellular compartments. We used a FRET-based membrane
mixing assay with the membrane dye pair Dil and DiD. Membrane
mixing is probed by monitoring the increase of Dil intensity upon
fusion or hemifusion between membranes, where both the pH and
apposing membrane composition can be tailored to match different
cellular destinations (Holt et al, 2008; Marsden et al, 2011; Kiessling
et al, 2015; Lira et al, 2019; Dekel et al, 2021; preprint: Morandi
et al, 2022) (illustrated in Fig 5A).

We sought to investigate the fusion capabilities of each EV sub-
population with three different cellular membranes, following the
internalization pathway of EVs interacting with recipient cells. We
therefore produced two different types of liposomes mimicking the
(i) plasma membrane (Virtanen et al, 1998) and early endosomal
membrane (which possess the same lipid composition), and (ii) late
endosomal membrane (Erazo-Oliveras et al, 2016) (Fig 5B). The
lipid composition of the plasma membrane’s outer leaflet (and the
luminal leaflet of early endosomes as well) is composed primarily
(~80% of lipid species) of phosphatidylcholine (PC), sphingomyelin
(SM), and cholesterol (chol) (Van Meer et al, 2008). Although phos-
phatidylethanolamine (PE) and the negatively charged phosphati-
dylserine (PS) are predominantly confined to the plasma
membranes’ inner leaflet, several studies have highlighted exposure
of PS in uninfected RBCs neighboring malaria-infected RBCs (Totino
et al, 2010; Fernandez-Arias et al, 2016). Similarly, PS in the mem-
brane outer leaflet was observed in immune cells during an immune
response (Fischer et al, 2006; Shin & Takatsu, 2020). Thus, to factor
in PS exposure during malaria infection, we composed plasma mem-
brane/early endosome large unilamellar vesicles (LUVs) with PC,
PE, PS, SM and cholesterol. To mimic progressive acidification of
the endosomes, for the early and late endosomal conditions the
liposome-EV mixture was acidified to a pH of 6.5 and pH of 5,
respectively (Huotari & Helenius, 2011), and compared to non-
acidified EV interacting with LUVs.

Using FRET analysis, we demonstrated that F3-EVs and F4-EVs
display fusion and membrane mixing toward all three milieus, albeit
at different efficiency (Fig 5B), whereas no mixing is observed for
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Figure 5. Pf-derived EV subpopulations fuse with liposomes (LUVs) with a
composition resembling plasma membrane, early endosome and late
endosome.

A A schematic diagram illustrating the principle of the FRET-based two-color
dye for detection of fusion between EVs and LUVs.

B Box plot of membrane mixing assay between LUVs mimicking the plasma
membrane, early endosome and late endosome lipid composition and
between F3-EVs and F4-EVs. Three independent biological experiments
were performed. Each dot represents one data point, with the whole
dataset obtained from n = 3 biological repeats (colored symbols) with three
technical repeats each. Box layouts represent 25-75% of the distribution,
whiskers highlight outlier's data points, and horizontal black lines represent
the mean of the distribution. For all three conditions, a two-sample t-test
was employed, with a significance value of 0.05. Plasma membrane and
late endosomal conditions show no difference between fractions 3 and 4
(P =0.55and P = 0.60, respectively). Plasma membrane and early endo-
some show a significant difference for F3-EVs (P = 0.0049). Early endosomal
conditions show fraction 3 to fuse significantly more than F4-EVs
(P = 0.00026). For F4-EVs, early and late endosomes show no difference in
fusion (P = 0.32). **P < 0.01, ***P < 0.001.

liposomes only (Fig EV3A). We found that maximal fusion probabil-
ity for both fractions occurs at plasma membrane conditions, with
F3-EVs and F4-EVs displaying similar values (37 + 10% for F3-EVs,
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40 + 9% for F4-EVs, P = 0.55) (Fig 5B). Upon acidification to both
early and late endosomal conditions, we surprisingly detected differ-
ent trends for the two EV subsets (Fig 5B). F4-EVs displayed a
decrease in fusion both at early and late endosomal conditions
(9 +£8% and 12 + 5%, respectively, P = 0.32) compared to the
plasma membrane, suggesting that acidification reduces the fusion
capability of this specific EV subpopulation. Contrarily, we observed
that fusion of F3-EVs at early endosomal conditions was significantly
higher than F4-EVs (24 £ 6% for F3-EVs, 9 + 8% for F4-EVs,
P =0.00026) despite showing a significant reduction in membrane
mixing compared to plasma membrane conditions (37 + 10% for
plasma membrane and 24 + 6% for early endosome, P = 0.0049)
(Fig 5B). Further acidification to late endosomal conditions resulted
in an additional decrease of F3-EVs fusion, comparable to F4-EVs
(11 £ 4% for F3-EVs, 12 4+ 5% for F4-EVs, P = 0.6).

Furthermore, we showed that F3-EVs displayed a higher varia-
tion in fusion between pH 7.4 and pH 5.0 upon interaction with late
endosomal LUVs, as compared to F4-EVs, suggesting that F3-EVs
are more resistant to pH changes (Fig EV3B).

These different fusion values indicate that while these EV sub-
populations exhibit similarly good fusion to the plasma membrane
and poor fusion to the late endosome, F3-EVs retain more capacity
to fuse at early endosome conditions at pH 6.5 than F4-EVs, which
hardly fuse in such conditions. Overall, these results suggest the
existence of distinct protein machinery mediating membrane fusion
for the two EV subsets.

Pf-derived EV subpopulations display different lipid membrane
order

In addition to the demonstration of different fusion efficiencies, we
investigated whether the two EV subpopulations displayed distinct
membrane mechanical properties which could in turn reflect on
their lipid composition. We therefore stained EVs with the fluores-
cent dye Laurdan and measured each fraction’s fluorescent spectra
as in previous studies (Laulagnier et al, 2004; Parolini et al, 2009;
Szempruch et al, 2016). Laurdan has been extensively applied to
determine the gel-to-liquid crystalline transition of lipid bilayers due
to its sensitivity to the polarization state of its environment (Para-
sassi et al, 1993), and more generally to measure differences in lipid
packing in various membranes as a function of composition (Stott
et al, 2008; Amaro et al, 2017). Indeed, the spectra revealed a higher
generalized polarization (GP) in F3-EVs at 0.35 + 0.03, as compared
to F4-EVs, which displayed a GP value of 0.03 + 0.12 (Fig 6A). This
difference is also clearly visible in the Laurdan spectra (Figs 6B and
EV4), where we observe a shift from a fluorescence peak near
440 nm peak (indicative of high membrane lipid packing), to
490 nm (characteristic of a more fluid and less packed membrane).

Overall, these results suggest that the malaria parasite secretes
distinct EVs harboring different lipid compositions and thus distinct
membrane organization, resulting in specific biophysical membrane
properties.

Puncture force determination and quantification: feature
engineering and unsupervised machine learning

To further corroborate the differences in membrane biophysical
properties of the two EV subpopulations we have performed
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Figure 6. Analysis of EV fractions membrane fluidity by Laurdan

fluorescence measurement.

A Laurdan general polarization (GP) values obtained for F3-EVs and F4-EVs at
physiological temperature showing higher membrane order (higher GP values)
for F3-EVs than F4-EVs (P = 0.00007). Each dot represents one data point,
with the whole dataset obtained from n = 3 biological repeats (colored sym-
bols) with three technical repeats each. Box layouts represent 25-75 percen-
tiles of the distribution, whiskers highlight outlier's data points and horizontal
black lines represent the mean of the distribution. ****P < 0.0001.

B Characteristic Laurdan spectra for F3-EVs and F4-EVs, showing a predominant
peak at 440 nm for F3-EVs, indicating a high lipid packing, and a shift toward
490 nm emission for F4-EVs. The illustration shows differences in membrane
packing measured by Laurdan according to the two emission peaks.

Data information: Three independent experiments were performed. Statistical
significance was quantified with a two-sample t-test, with a significance value
of 0.05.

puncture tests on supported lipid bilayers created from F3-EVs and
F4-EVs using AFM (Fig 7).

Supported lipid bilayers are known to undergo a local collapse
when pressed by the AFM tip. Typical puncture events are observed
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@ Statistics of puncture forces for the two fractions at two different approach speeds presented as box plots, and tested with Mann—Whitney statistical analysis
(Mann & Whitney, 1947) accounting for skewed distribution, P-values are < 10~*° for the 0.2 pm/s approach speed (n = 81 for F3-EVs and 131 for F4-EVs) and
<10 for 1 pm/s (n = 49 events for fraction 3 and 105 for fraction 4). The black diamonds represent outliers, boxes represent 25-75% of the data and the lines
inside the boxes are the medians. Minimum and maximum values are indicated by the whiskers. ****p < 0.0001.

Unsupervised machine learning grouping of features engineered from the puncture data features by t-distributed stochastic neighbor embedding analysis (t-SNE)

and K-means. (D) In the t-SNE analysis, two clusters are found at each speed which is predominantly F3-EVs (purple) or F4-EVs (pink). Red crosses are the centers
of the clusters determined by K-means. (E) K-means loss function for the analysis shown in (D), displaying loss function as a function of a number of clusters,
shown as the red + symbols, with a dashed line added to guide the eye. The Elbow point indicates the most probable number of clusters that best represent the
data. The results presented are a representative set taken from three independent biological repetitions. All independent repetitions gave similar results.
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in the force indentation curve by a dip when the tip breaks through
the lipid layer. The force at which this occurs represents the highest
force the membrane can withstand. Puncture events were detected
for many supported lipid bilayers of different lipid compositions
(Dufréne et al, 1999; Mueller et al, 2000; Schneider et al, 2000;
Garcia-Manyes & Sanz, 2010; Sorkin et al, 2014; Unsay et al, 2015;
Saavedra et al, 2020; Vorselen et al, 2020) and provide direct insight
into the mechanical stability of supported lipid membranes (Dufréne
et al, 1999; Schneider et al, 2000; Garcia-Manyes & Sanz, 2010)
which is governed by the molecular interactions between neighbor-
ing lipids in the membrane. The breakthrough force is related to the
membrane composition (Garcia-Manyes et al, 2010; Unsay et al,
2013) and state, that is, phase (Garcia-Manyes et al, 2005b; Chiantia
et al, 2006; Sullan et al, 2009). For example, ionic strength (Garcia-
Manyes et al, 2005a) and temperature (Garcia-Manyes et al, 2005b;
Alessandrini et al, 2012) were shown to have a direct effect on the
value of the breakthrough force. Moreover, a solid-like phase
(higher membrane packing) is indicated by higher puncture force
values than a liquid-like phase (lower membrane packing) (Garcia-
Manyes et al, 2005b; Alessandrini et al, 2012; Unsay et al, 2013).
Studies on mixed lipid systems revealed that the puncture force dif-
fers significantly in the different phase-separated domains. Overall,
ordered phases require a higher puncture force than disordered
phases (Chiantia et al, 2006; Alessandrini et al, 2012). Puncture
event assay could also provide insights into more complex natural
membranes, which are composed of different distinct lipids, pro-
teins and sugars (Watson, 2015). Puncture events were observed in
force versus separation curves measured on such natural mem-
branes, that is, on unilamellar vesicles made from PRS8 influenza
lipids (Li et al, 2011), RBC-EVs (Sorkin et al, 2018; Vorselen et al,
2018), supported lipid bilayers (SLBs) obtained from prostate cancer
derived-EVs (Montis et al, 2018) and from Escherichia coli lipid
extract (Garcia-Manyes et al, 2005a).

The SLBs from F3-EVs and F4-EVs were prepared by adsorbing
each EV fraction on Mg*" modified mica and washing them with
pure water. AFM images of the surface topography are shown in
Fig 7A. The F3-EV sample has a nearly uniform coating whereas
SLBs prepared from F4-EVs display an irregular morphology with
scattered holes reminiscent of those seen for prostate cancer
derived-EVs SLB (Montis et al, 2018). We have then applied punc-
ture tests on SLBs obtained from F3-EVs and F4-EVs to discern dif-
ferences in the membrane lipid packing and relative rigidity.
Representative force separation curves recorded on each sample are
shown in Fig 7B.

Only a fraction of the force curves exhibited a significant inflec-
tion (Fig EVS), indicating a valid puncture event, as determined
through the procedure defined in the methods section. Each such
valid event was then associated with a force value. The membrane
puncture event is a dynamic process and is related to the response
of the lipid molecules to dissipate the applied force. It has been
shown that approach speed can affect the probability of a puncture
event (Butt & Franz, 2002) and this is seen clearly in our results—at
lower speeds more puncture events are observed (Fig EV5). In our
procedure, force curves are performed on the entire sample, includ-
ing both empty regions (no puncture, therefore, does not contribute
to the statistics) and regions of higher topography, which could be
stacked bilayers. The latter is seen to comprise only a small fraction
of the total area (Fig 7A).
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Under all conditions measured the characteristic yield force for a
puncture event differs significantly between the different fractions,
with higher forces required to puncture F3-EV SLBs (Fig 7C). This is
direct evidence of differences in membrane compactness arising
from compositional differences between the two populations.

To objectively verify the presence of two distinct populations,
the data were analyzed by unsupervised machine learning, t-SNE
and K-means, which autonomously search for similarities in force
behavior between the curves without the use of prior knowledge of
the curve assignment to a specific fraction. The data clusters into
two groups which to a large extent correspond to the two fractions,
F3-EV and F4-EV SLBs (Fig 7D). The t-SNE embedding and K-means
loss functions (Fig 7D and E) indicate that the best description of
the data is the division into two unique clusters (that can be further
divided into sub-clusters) and this can also be visualized by the
elbow point (Fig 7E).

In summary, these data demonstrate that the two EV fractions
are different in their resistance to puncture, indicating a higher level
of compactness in F3-EV SLBs than in F4-EV SLBs.

Discussion

There is increasing evidence, primarily from mammalian systems,
that EVs are a heterogeneous pool (Zhang et al, 2018; Mathieu et
al, 2021) and current advanced technologies, such as AF4 analy-
sis, enable the distinction between different EV subpopulations. In
the case of cancer-derived EVs this technique revealed two
exosome subpopulations (Exo-L and Exo-S) and a population of
non-membranous nanoparticles termed “exomeres” (Zhang et al,
2018). Those EV subpopulations have distinct biophysical proper-
ties and protein, lipid, N-glycosylation, DNA and RNA profiles.
Furthermore, these three subsets demonstrated diverse organ dis-
tribution patterns, suggesting distinct biological functions (Zhang
et al, 2018). Another study distinguished between exosomes and
small ectosomes (plasma membrane-derived EVs) by following the
intracellular trafficking of the EV markers CD9 and CD63, further
identifying additional protein surface markers for the two EV
populations by comparative proteomic analysis (Mathieu et al,
2021).

Here, we demonstrate for the first time the existence of two dis-
tinct subpopulations in the Pf-derived EV pool, which differ in size,
protein content, biophysical properties and membrane fusion capa-
bilities. Using the AF4 technology we were able not only to effi-
ciently separate the EVs based on size (Fig 1) but also collect the
subpopulations for further analyses. The subpopulation of fraction
3, F3-EVs, displayed a size distribution between 30 and 70 nm while
the second EV type of fraction 4, F4-EVs, has a size distribution of
70-300 nm. The wider size distribution of F4-EVs compared to F3-
EVs was confirmed by both AFM and cryo-TEM analysis (Figs 2A
and C, and 3B). The high-resolution cryo-TEM characterization
revealed that the two EV subpopulations indeed have typical EV
morphology (Fig 3A).

The low concentrations of EV fractions obtained from the AF4
system challenged the proteomic analysis. Nonetheless, sensitive
chromatographic and mass spectrometric analyses were achieved.
While we identified a relatively short list of proteins, we distin-
guished between the two EV subpopulations and identified unique
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human or parasitic proteins in each fraction (Fig 4A). F3-EVs were
enriched with immune system proteins and more specifically the
complement system proteins (e.g., C2 and C3), which suggests the
RBCs are not as inert as originally considered and might have a
response against invading pathogens (Darbonne et al, 1991; Neote
et al, 1993; Anderson et al, 2018; Hotz et al, 2018; Lam et al, 2021).
On the other hand, F4-EVs were enriched with proteasome subunits
(e.g., PSMA1) (Fig 4C) in agreement with previous work which
demonstrated that Pf-derived EVs carry active 20S proteasome com-
plexes (Dekel et al, 2021).

Our results indicate that the two EV subpopulations display dif-
ferent biophysical properties, both at the functional (fusion) and the
structural level (membrane organization). We observed significantly
different trends between the two subpopulations towards endo-
somal conditions, with F3-EVs exhibiting less reduction in fusion at
early endosomal conditions than F4-EVs (Fig 5). Late endosomal
membrane conditions resulted in comparably reduced fusion for
both subsets.

Although the FRET-based assay does not fully distinguish
between full fusion and hemifusion, we demonstrated that measure-
ments obtained for membrane mixing clearly reflect the merging of
membranes and pore formation between the two vesicles (preprint:
Morandi et al, 2022).

We found that the smaller size EVs (F3-EVs) are capable of medi-
ating significant fusion under early endosomal pH, as opposed to
F4-EVs, suggesting that the F3-EV subset would deliver its cargo
more efficiently than F4-EVs in cells with high endocytosis or inter-
nalization rate. Interestingly, previous studies reported a fusion-
enhancing effect of pH for human-derived EVs, both in vitro using
isolated membranes (Bonsergent & Lavieu, 2019), or in cells with
internal compartments (Bonsergent et al, 2021). Consistent with a
previous report (Dekel et al, 2021), we show that the plasma mem-
brane also serves as a target for Pf derived EV fusion. While further
work is needed to understand the molecular nature of such differ-
ences, we suggest that they might be associated with the studied
organism, as the malaria parasite interacts with a plethora of target
cells (including naive RBCs) with different degrees of endocytosis or
no endocytic pathways.

Differences in the fusion behavior between F3-EVs and F4-EVs
could be partially ascribed to a specific preference toward certain
lipid compositions. Both plasma membrane and early endosome
contain a significant amount of cholesterol (Gagescu et al, 2000)
and sphingomyelin (Gagescu et al, 2000; Yang et al, 2015), which
are known to create liquid-ordered domains in lipid membranes,
whereas late endosome liposomes are enriched with the anionic
lipid LBPA and contain no cholesterol. However, neither the pH nor
the membrane composition is sufficient to fully elucidate the under-
lying molecular mechanism. Moreover, protein-protein interactions
are likely involved, which are not observed in the FRET assay which
probes only mixing between EVs and synthetic liposomes. Further
studies would therefore be required to fully elucidate all the factors
contributing to the fusion.

Overall, our results do suggest that the two EV populations may
possess distinct protein machinery to mediate vesicle-fusion, with
smaller EVs possessing proteins capable of withstanding acidifica-
tion and maintaining their fusogenic capability, a feature that has
been observed for viruses displaying pH-independent fusion
(Miyauchi et al, 2009).

© 2022 The Authors

EMBO reports

The difference in Laurdan GP values between F3-EVs and F4-EVs
indicated a tighter lipid packing and membrane order in F3-EVs.
This is consistent with the AFM puncture results and highlights a
different membrane composition between the two EV subpopula-
tions. Moreover, the unsupervised machine learning analysis inde-
pendently determined the existence of two different populations
with distinct membrane properties. The data gained from the combi-
nation of the Laurdan spectra (performed on intact vesicles) with
the AFM results (probed on supported bilayers from the EVs) con-
firm that these differences are not due to size differences, but rather
reflect different biophysical characteristics and distinct lipid compo-
sitions for F3-EVs and F4-EVs. These findings are particularly inter-
esting as they not only suggest that there might be dedicated
biogenesis pathways for the production of the two EV subpopula-
tions, but they also provide a mechanistic rationale for the differ-
ences in protein content between the two EV groups. In this context,
our results suggest separate preferences on cellular delivery for the
two EV subsets, with a specific response to the subcellular sur-
roundings, further reinforcing the concept that these subpopulations
contain distinct proteomes.

Indeed, the specific membrane configurations not only contribute
to the bilayer physical properties like rigidity (Gracia et al, 2010;
Takechi-Haraya et al, 2016) but also lead to preferential partitioning
and activity of membrane proteins, due to differences in membrane
thickness and lipid species. This phenomenon has been well charac-
terized in lipid model systems (Schlebach et al, 2016), for example,
on the adenosine A2A membrane receptors (Gutierrez et al, 2019),
ion channels (Seeger et al, 2010; Kimchi et al, 2018) and has also
been shown extensively for viral fusion proteins where biogenesis
of virions and clustering of viral proteins occurs only in specific
lipid domains (Bajimaya et al, 2017; Sengupta et al, 2019). It is
therefore consistent that two EV subpopulations with significantly
different lipid compositions would result in distinct membrane
structures leading to preferential protein content and particularly
dedicated membrane fusion proteins.

Overall, our results shed light on how malaria parasites utilize
the different EV subpopulations as a communication tool to alter
several host systems, by employing different subsets of its own EV
pool with specific membrane and protein compositions to target dif-
ferent cells or pathways.

Materials and Methods
Pf parasite line

The malaria parasite line used in the experiments is NF54, which
was generously provided by the Malaria Research Reference
Reagent Resource Center, MR4, obtained through BEI Resources,
NIAID, NIH: P. falciparum, Strain NF54 (Patient Line E), MRA-1000,
contributed by Megan G. Dowler.

Pf parasite culture

Plasmodium falciparum parasites were cultured in human red blood
cells (RBCs) using a standard method (Trager & Jensen, 1976).
Briefly, parasites were grown at 4% hematocrit in pooled healthy
uninfected RBCs, provided by the Israeli blood bank (Magen David
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Adom blood donations, Israel, IRB - 1634-1), and incubated at 37°C
in a gas mixture of 1% O, and 5% CO, in N,. Parasites were main-
tained in RPMI medium pH 7.4, supplemented with 25 mg/ml 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid, 50 pg/ml hypoxan-
thine, 2 mg/ml sodium bicarbonate, 20 pg/ml gentamycin and
0.5% AlbumaxIl (Gibco, Cat#: 11021045). Parasite growth was
monitored using methanol-fixed Giemsa stained blood smears. Pf-
iRBC cultures were tested for Mycoplasma infections twice a month
using the commercial kit MycoAlert Plus (Lonza, Cat#: LT07-318).

Isolation of extracellular vesicles

Growth media of high parasitemia (> 5%) Pf-iRBC cultures was col-
lected. EV extraction was performed as reported previously
(Sisquella et al, 2017). Briefly, cellular debris was removed by dif-
ferential centrifugation at 413 g for 5 min, 1,900 g for 10 min and
15,180 g for 1 h, supernatants were filtered through a 0.45 pm pore
filter and later concentrated using Vivacell® units with molecular
weight cut-off (MWCO) of 100 kDa (Sartorius AG, Germany),
according to the instructions of the manufacturer. Then, the EVs
contained in Pf-iRBC (Pf-derived EVs) suspension were pelleted by
ultracentrifugation at 150,000 g for 16 h at 4°C. Finally, the pellet
was carefully re-suspended in sterile PBS (Ca*-/Mg*"-) (Biological
Industries) for further analysis.

Extracellular vesicle isolation onto a sucrose cushion

Re-suspended EVs were slowly loaded over a 2 ml sterile 20%
sucrose solution (prepared in PBS (Ca2+-/MgZ+-)), forming a layer.
EVs were pelleted by ultracentrifugation using a swinging bucket
rotor (Beckman Coulter) at 100,000 g for 4 h at 4°C. After this, the
supernatant was discarded and EVs were re-suspended in sterile
PBS (Ca**-/Mg**-) for further analysis.

Nanoparticle tracking analysis

Vesicle size distribution and concentration were calculated using
nanoparticle tracking analysis (NTA) (Filipe et al, 2010) with the
NanoSight NS300 device (Malvern Panalytical Ltd., Instruments,
UK) using a 405 nm filter. Sample size distributions were calibrated
in a liquid suspension by the analysis of Brownian motion via light
scattering and the size of the particles was estimated based on their
hydrodynamic radius (Filipe et al, 2010).

AF4 analysis

AF4 experiments and data collection were performed in an AF2000
MT instrument (Postnova Analytics, Landsberg, Germany). Separa-
tions were performed at 25°C in a channel containing a 350 um
spacer. A regenerated cellulose membrane with an MWCO of
100 kDa was used and the channel flow was monitored by UV
absorption at 280 nm. The temperature in the auto-sampler and
fraction collector modules was maintained stable at 4°C. Channel
flow was kept constant at 1.5 ml/min and sterile PBS (Ca*"-/Mg**-)
was used as the mobile phase in the AF4. Then, 50 ul of Pf-derived
EVs adjusted to 4*10'" particles/ml with PBS were injected into the
system using the partial-loop mode for 6 min at a flow of 0.2 ml/
min. After injection, a particle focusing step was held for 6 min with
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1.5 ml/min flow. Then, the sample was eluted in a separation win-
dow as follows: an initial power decay (exponent = 9.3) for 0.5 min
with a cross flow of 1.5 ml/min, followed by a linear decay of
40 min with a cross flow of 1.15 ml/min, a power decay
(exponent = 0.3) for 0.5 min with a cross flow of 1.0 ml/min and a
final step of constant cross flow at 0.075 ml/min for 40 min to allow
all particles to elute. Between runs, the channel was rinsed with the
mobile phase for 15 min without cross flow. Fractions were col-
lected at the following time ranges: 9-12.5, 13-17.5, 25-45 and 50—
75 min.

Multi-angle light scattering data were collected using a Vout of
0.5 ml/min for elution. The radius of gyration (Rg) was calculated
from the measured MALS signal intensities by applying an intensity
distribution function P(8) (random coil model) of the region of inter-
est from 9 to 93 min of the run.

The collected fractions were kept at 4°C and concentrated to a
volume of approximately 100 pl with Amicon filter units of 10 kDa
MWCO (Sartorius AG, Gottingen, Germany). Aliquots of these con-
centrated fractions were subjected to AFM, cryo-TEM, FRET assay,
and Laurdan staining or proteomic analysis.

Atomic force microscopy

A freshly cleaved mica surface was incubated with 10 mM MgCl,
solution for 2 min then rinsed with 200 ul PBS (Ca*'-/Mg?**-). Fifty
microliters of F3 or F4 were placed on the Mg modified mica for
15 min. Prior to scanning, 3 ml of PBS (Ca*"-/Mg®"-) was added to
the sample, then 2 ml were removed and fresh 2 ml were added.
This washing procedure was done carefully to avoid a passing inter-
face. AFM imaging was performed on a JPK Nanowizard III AFM
microscope (Bruker Nano GmbH, Berlin, Germany) in QI mode.
Measurements were conducted with two different probes, a probe
with a rounded tip apex and rated radius of 30 nm, spring
constant ~ 0.06 N/m (qp-BioAC-CI, Nanosensors, Neuchatel, Swit-
zerland) and a second probe with a tip radius of curvature smaller
than 10 nm (gqpBioAC, Nanosensors, Neuchatel, Switzerland), and
nominal spring constant same as the first probe type. Detector sensi-
tivity and spring constant were determined for each probe using the
JPK software.

Image analysis was performed using Gwyddion (Necas &
Klapetek, 2012) or JPK-SPM data processing software. Particle size
analysis was conducted using particle analysis in ImageJ software
(Rueden et al, 2017). Plots were constructed with OriginPro 2018
and images were assembled in Adobe Illustrator 2019. For all the
images acquired with the 30 nm tip, the tip convolution artifact was
removed by surface reconstruction from the Gwyddion software,
using a modeled tip shape (conical 22deg tip with 30 nm tip apex)
prior to the size analysis. Particles below 30 nm were excluded from
the analysis. For the sharp tip < 10 nm, particles below 9 nm were
excluded from the analysis.

AFM force spectroscopy and machine learning

For the puncture assay test, the Mg"‘+ modified mica (freshly cleaved
mica incubated for 2 min with 10 mM MgCl, solution and then
rinsed with 200 pl PBS (Ca*'-/Mg?*-) was incubated with F3-EVs or
F4-EVs for 30 min). The adsorbed EVs were ruptured by washing
the sample with DDW by infinite dilution. The puncture
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measurements were performed using the same AFM and qpBioAC
probes as described above, working in force spectroscopy mode.
Specifically, thousands of force versus distance curves were
recorded in different locations on each sample in batches of 100,
each made over a 10 x 10 grid in a 4 x 4 pm? area. To distinguish
attractive “pop-in” events the same analysis was performed on a
control sample—Mg*" modified mica, and the force threshold for a
puncture event was defined above the force of the highest event
captured for the control.

Three different extension speeds were used (0.2, 1 and 2 pm/s).
The force curves were analyzed using functions in the package
SciPy.signal (Virtanen et al, 2020) in Python by first searching the
curves for “dips” (Fpax—Fmin, See Fig 7B) which exceeded 35 pN,
with the second condition that they occurred above the force thresh-
old described above (50 pN). In cases where there were two punc-
ture events in one approach, the puncture occurring at the higher
force was considered in the analysis. Statistical analysis of these
results was performed using the package SciPy.stats (Virtanen et al,
2020). Subsequently, the data were subjected to unsupervised
machine-learning analysis with t-distributed stochastic neighbor
embedding (t-SNE) (van der Maaten & Hinton, 2008), as imple-
mented in Scikit-learn (Pedregosa et al, 2011) and K-means algo-
rithm as implemented in SciPy.cluster in Python. Ten different
features were generated from the curve data related to the puncture
events. These features were standardized and fed into the t-SNE
algorithm. Initiation for this algorithm was the PCA matrix derived
from the ten features. The resulting t-SNE components were divided
by their respective standard deviations and subjected to clustering
with the K-means algorithm to determine the optimal number of
clusters representing the data.

Cryo-transmission electron microscopy

Samples were vitrified using a Vitrobot plunger system Mark IV
(FEI, USA; Humidity 80%, temperature 24°C, blotting time 4.5 s;
blot force — 10). Four pl of EVs suspension (~5*10'° particles/ml)
were dispensed onto a lacey carbon grid (LACEY copper 200 mesh;
Electron Microscopy Sciences, Hatfield, PA, USA) and incubated for
5 m. Grids were first rendered hydrophilic using a glow discharge
system (PELCO easiGlow™, Redding, CA, USA; 30 s, 25 mA). Sam-
ple imaging was conducted on a Talos Arctica G3 TEM/STEM (FEI,
USA) cryo-electron microscope, equipped with a OneView camera
(GATAN) at an accelerating voltage of 200 kV. Images were
acquired in low-dose mode (total dose 70 e /A ?) using the Seri-
alEM software (FEI, USA) (Mastronarde, 2003) to avoid radiation
damage to the samples, at 73,000x magnification with a defocus
value of —4 um.

Size quantification of recorded EV micrographs was performed
with Fiji (ImageJ) (Schindelin et al, 2012) by measuring the area
covered by each vesicle and extrapolating the corresponding diame-
ter. For each fraction, three separate biological replicates were
plunge-frozen and visualized via cryo-TEM on separate days.

MS analysis and bioinformatics analysis
Purified EVs were dissolved in 10 mM dithiothreitol (DTT),

100 mM Tris and 5% sodium dodecyl sulfate (SDS), sonicated and
boiled at 95°C for 5 min and precipitated in 80% acetone. Protein
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pellets were dissolved in 9 M Urea and 400 mM ammonium bicar-
bonate, and their concentrations were determined using the Brad-
ford assay. Five microgram protein of each sample was reduced
with 3 mM DTT (60°C for 30 min), modified with 10 mM iodoace-
tamide in 100 mM ammonium bicarbonate for 30 min at room
temperature in the dark and digested in 2 M urea, 25 mM ammo-
nium bicarbonate with modified trypsin (Promega), overnight at
37°C in a 1:50 (M/M) enzyme-to-substrate ratio. Tryptic peptides
were desalted using C18 tips (Top tip, Glygen) dried and re-
suspended in 0.1% formic acid.

Lug peptides were resolved by reverse-phase chromatography on
0.075 x 180-mm fused silica capillaries (J&W) packed with Reprosil
reversed-phase material (Dr Maisch GmbH, Germany). Peptides
were eluted with a linear 60-min gradient of 5 to 28%, followed by
a 15-min gradient of 28-95% and then 25 min at 95% acetonitrile
with 0.1% formic acid in water at flow rates of 0.15 pl/min. MS was
performed by Q Exactive HF mass spectrometer (Thermo) in a posi-
tive mode (m/z 300-1,800, resolution 120,000 for MS1 and 15,000
for MS2) using a repetitively full MS scan followed by collision-
induced dissociation (HCD, at 27 normalized collision energy) of the
18 most dominant ions (> 1 charges) selected from the first MS
scan. The AGC settings were 3 x 10° for the full MS and 1 x 10° for
the MS/MS scans. The intensity threshold for triggering MS/MS
analysis was 1 x 104. A dynamic exclusion list was enabled with an
exclusion duration of 20 s.

MS data were analyzed using the MaxQuant software 1.5.2.8
(1) for peak picking and identification using the Andromeda search
engine, searching against the human and Pf sections from the
Uniprot database with a mass tolerance of 6 ppm for the precursor
masses and 20 ppm for the fragment ions. Methionine oxidation
and protein N-terminus acetylation were accepted as variable mod-
ifications and carbamidomethyl on cysteine was accepted as a
static modification. Minimal peptide length was set to six amino
acids and a maximum of two miscleavages was allowed. Data were
quantified by label-free analysis using the same software (Cox et
al, 2014). Peptide- and protein-level false discovery rates (FDRs)
were filtered to 1% using the target-decoy strategy. Protein tables
were filtered to eliminate the identifications from the reverse data-
base, common contaminants and single peptide identifications. Sta-
tistical analysis of the identification and quantitation results was
done using Perseus 1.6.10.43 software (Tyanova et al, 2016). Addi-
tional annotation enrichment was done using the String software
(https://string-db.org/).

Protein extraction

Pf-iRBCs were washed with iso-osmotic buffer (103 mM Na,HPO,,
155 mM NaH,PO,, Sigma-Aldrich), followed by lysis with RIPA
buffer (150 mM NaCl, 1% Triton X-100, 0.1% SDS, 50 mM Tris,
0.5% sodium deoxycholate, pH 8.0) for 15 min on ice, followed by
10-min centrifugation at the maximum speed at 4°C. The superna-
tant was collected and hemoglobin was depleted using TALON
metal affinity beads (635502 Takara-Clontech). For ghost purifica-
tion, the RBC pellet was re-washed with 1 ml iso-osmotic buffer
until the membrane pellet became clear.

Proteins derived from total EVs were obtained by incubating the
EVs with RIPA buffer 5x for 15 min on ice, followed by 10-min cen-
trifugation at the maximum speed at 4°C. Protein concentrations for
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Pf-iRBCs and EVs were calculated with the BCA method with BSA
as standard.

Western blot analysis

Protein extracts in the sample buffer were loaded into 10% poly-
acrylamide gels. Proteins in the gel were transferred to a nitrocellu-
lose membrane and blocked for 1 h at 25°C with 5% skimmed milk
in PBS with 0.05% Tween (PBS-T). The membranes were then
washed five times with PBS-T for 5 min each in constant agitation
and probed overnight at 4°C against different protein targets using
the following primary antibodies: mouse anti-HSP90 (ab13492
Abcam, dilution 1:1,000), mouse anti-GAPDH (ab8245, dilution
1:1,000), rabbit anti-Annexin 7 (QC5531, Antibody Verify, dilution
1:1,000), mouse anti-C3 (sc-28294, Santa Cruz, dilution 1:1,000),
rabbit anti-PSMA1 (ab140499, Abcam, dilution 1:1,000), rabbit anti-
PSMB2 (ab137108, Abcam, dilution 1:1,000) and mouse anti-
ankyrin-1 (ab212053, Abcam, dilution 1:1,000). After this, mem-
branes were washed in the same conditions and re-probed for 1 h at
25°C with secondary antibodies Goat anti-Rabbit IgG-HPR (111-035-
003, Jackson, dilution 1:7,500), and Goat anti-mouse IgG-HRP (115-
035-003, Jackson, dilution 1:10,000). Image collection was
performed using the ThermoScientific MyECL Imager V. 2.2.0.1250
and Amersham Imager 680 (GE Healthcare Life Sciences).

Preparation of LUVs

Large unilamellar vesicles were prepared as previously described
(Virtanen et al, 1998). In brief, lipid solutions in chloroform of the
different phospholipid species were mixed to the desired molar
ratios in a glass vial, and the organic solvent was evaporated by
12 h of vacuum pumping. For labeled LUVs, the lipids were stained
with 2% mol of Dil and DiD in chloroform before evaporation. The
lipid film was then hydrated with PBS (Ca®'-/Mg?*-) at 40°C to reach
the desired concentration and gently vortexed. The resulting multi-
lamellar vesicle suspension was then sonicated for 10 min to dis-
perse larger aggregates and the liposomal suspension was extruded
21 times through polycarbonate filters (100 nm pore size, Avanti
Polar Lipids) using a mini-extruder (Avanti Polar Lipids). Size and
concentration were verified using NTA and the liposomal suspen-
sion was used within 2 weeks from the extrusion. Dil (1,1’-
dioctadecyl-3,3,3’,3'-tetramethylindocarbocyanine perchlorate) and
DiD (1,1’-dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyanine  4-
chlorobenzenesulfonate salt) membrane dyes (Thermo Fisher) were
dissolved in chloroform at 1 mM final concentration. All chemicals
had high purity (>99%) and were used without further purification.
The plasma membrane and early endosomal membrane lipid com-
position was DOPC:DOPE:DOPS:SM:cholesterol at 20:5:15:25:35
molar ratio. For late endosomal membrane composition LBPA:
DOPE:DOPC 70:5:25 molar ratio LUVs were prepared, mimicking
the cholesterol sequestration and enrichment of late endosomal lipid
LBPA.

Membrane mixing assay
All experiments were performed using an Infinite M Plex multimode

plate reader (TECAN) with a 96-well plate. Dil-DiD labeled lipo-
somes were diluted in 200 pl PBS (Ca**-/Mg*'-) per well to reach a
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final concentration of 10 pM, and fluorescence intensity of the
donor (Dil) was recorded every 60 s for 30 min, with an excitation
wavelength of 530 nm and emission wavelengths of 570 nm. Subse-
quently, unlabeled AF4 fractions (F3-EVs and F4-EVs) were added
to each well to reach a labeled:unlabeled ratio of 1:9 particles and
Dil fluorescence intensity was recorded for 1 h every 60 s. Finally,
Triton X-100 was added to each well to reach 0.1% final concentra-
tion and fluorescence intensity was recorded for 15 min every 60 s.

For early or late endosomal conditions, labeled liposomes were
mixed with either of the unlabeled AF4 fractions (F3-EVs and F4-
EVs) to reach a LUV:EV ratio of 1:9, and incubated at 4°C for
60 min. Subsequently, mixed LUV and EV samples were placed in
wells of a 96-well plate. The fluorescence intensity of the donor
(Dil) was recorded every 60 s for 30 min, with an excitation wave-
length of 530 nm and emission wavelengths of 570 nm. Subse-
quently, a volume fraction of HCl 100 mM was added to reach the
desired pH (6.5 for early endosomal conditions, and pH 5.0 for late
endosomal conditions) and Dil fluorescence intensity was recorded
for 1 h every 60 s. Finally, Triton X-100 was added to each well to
reach 0.1% final concentration and fluorescence intensity was
recorded for 15 min every 60 s. The emission fluorescence for each
time point was measured as I,,. The emission fluorescence of the
untreated liposomes was measured as Iy, and that of the liposomes
solubilized with 0.1% TRITON X-100 was defined as I 9. The per-
centage of membrane mixing at each time point was defined as
donor relative intensity (% of TRITON X-100) = (I, — Ip) x 100/
(I;p0 — Ip). The membrane mixing recorded for EV — LUV interac-
tion was subsequently subtracted by an EV-only blank measurement
to obtain the effective fusion efficiency. All measurements were
performed at 37°C and performed on three separate biological repli-
cates (n = 3) with three technical repeats each.

Laurdan staining

6-dodecanoyl-2-dimethylaminonaphthalene (Laurdan) was
dissolved in DMSO at a stock solution concentration of 0.5 mM, and
staining was performed on F3-EVs and F4-EVs by incubating
Laurdan stock solution (final concentration 2 uM) at 37°C for
30 min (Molecular Probes, Eugene, OR). The fluorescent spectra of
labeled EVs were subsequently measured using a Cary Eclipse Fluo-
rescence Spectrophotometer (Agilent) at 37°C, using an excitation
wavelength of 340 nm (slit width 5 nm) and emission recorded
between 400 nm and 600 nm (slit width 10 nm). The resulting
Laurdan General Polarization (GP) was quantified using the previ-
ously established equation (Parasassi et al, 1998):
GP = (Ig40 — l490)/ (440 + lgoo), With Iy49 and Iy90 representing the
fluorescent emission intensity at 440 and 490 nm, respectively. All
measurements were performed on three separate biological repli-
cates (n = 3) with three technical repeats each.

Statistical analysis

When comparing several groups, we used ANOVA followed by
Tukey’s post hoc test. When comparing two groups, we used an
independent-samples t-test. Puncture forces were compared
between the two fractions using a Mann-Whitney test with Python
SciPy.stats package v. 1.5.0. All other statistics were done in R, v.
4.1.2.
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Data availability

The datasets generated during this study are available from the
corresponding author on reasonable request. The mass spectrome-
try proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository with the dataset
identifier PXD032012. http://proteomecentral.proteomexchange.
org/cgi/GetDataset?ID = PXD032012.

Expanded View for this article is available online.
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