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ABSTRACT: The malaria parasite, Plasmodium falciparum,
secretes extracellular vesicles (EVs) to facilitate its growth and
to communicate with the external microenvironment, primarily
targeting the host’s immune cells. How parasitic EVs enter
specific immune cell types within the highly heterogeneous pool
of immune cells remains largely unknown. Using a combination
of imaging flow cytometry and advanced fluorescence analysis,
we demonstrated that the route of uptake of parasite-derived
EVs differs markedly between host T cells and monocytes. T
cells, which are components of the adaptive immune system,
internalize parasite-derived EVs mainly through an interaction
with the plasma membrane, whereas monocytes, which function
in the innate immune system, take up these EVs via endocytosis.
The membranal/endocytic balance of EV internalization is driven mostly by the amount of endocytic incorporation.
Integrating atomic force microscopy with fluorescence data analysis revealed that internalization depends on the biophysical
properties of the cell membrane rather than solely on molecular interactions. In support of this, altering the cholesterol
content in the cell membrane tilted the balance in favor of one uptake route over another. Our results provide mechanistic
insights into how P. falciparum-derived EVs enter into diverse host cells. This study highlights the sophisticated cell-
communication tactics used by the malaria parasite.
KEYWORDS: extracellular vesicles, EVs, malaria, cellular uptake, membrane deformability, imaging flow cytometry

Malaria remains one of the most devastating infectious
diseases worldwide, responsible for more than
600 000 deaths in 2022.1 The disease is caused by

protozoan parasites of the genus Plasmodium, with most of the
mortality being attributed to Plasmodium falciparum. Patho-
gens utilize several modes of cell communication, including the
evolutionary conserved release of extracellular vesicles
(EVs).2,3 EVs mediate intercellular communication by
delivering a wide range of bioactive components, including
proteins and nucleic acids, from one cell to another.4,5 These
vesicles are released from cells in rest and upon induction in
order to induce significant phenotypic changes in the recipient
target cells.4 EVs are composed of a lipid bilayer, display
extracellular plasma membrane features on their surfaces,6−8

and transport cell type-specific cargoes that are important for
their functions.9−11

From inside their host red blood cells (RBCs), P. falciparum
parasites secrete EVs12 that alter host responses.13−15

Asymmetric flow field-flow fractionation of P. falciparum-
derived EVs revealed two distinct EV subpopulations differing
in size and protein content.16 A detailed characterization of P.
falciparum-derived EV composition revealed various functional
biomolecules, including enrichment of multiple host and
parasitic proteins,16−18 particularly parasite antigens and
proteins associated with the host cell membrane.13,16,18,19

The vesicles also contain parasitic genomic DNA5 and
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RNA,5,14,20 which are involved in immunogenic responses in
human recipient cells.14,17,21

Various mechanisms for EV uptake have been suggested,
including clathrin-mediated endocytosis, phagocytosis, macro-
pinocytosis, and plasma or endosomal membrane fusion.22−26

Different subsets of EVs may utilize different routes to enter a
target cell.26,27 Although EVs are taken into the endosomal
compartment by endocytosis,22,24,27−32 the precise mechanism
regulating the internalization of EVs is a subject of
considerable debate. Furthermore, lipid raft proteins and

Figure 1. Analysis of fluorescence signal from R18-labeled EVs reveals differences in uptake patterns into T cells and monocytes. (A)
Graphical illustration of the experimental setup utilized to probe P. falciparum-derived EV uptake by cells. R18-labeled EVs were incubated
with Hoechst-labeled cells within the flow chamber of the IFC instrument, and fluorescence images were continuously acquired throughout
the 30 min incubation. (B) Representative IFC images acquired in the bright field (general shape and morphology of the cell), in the R18
channel (yellow), and in the Hoechst channel (purple) for the nuclear signal to select live cells. (C) Representative data distribution of the
Δxy parameter obtained from an acquisition run. Data was then time-consumed and median normalized for easier comparison to other
acquisitions. (D) Heat map obtained from 2D binning the distribution of normalized and truncated data, displaying relative frequencies of
events in a specific time and Δxy coordinates. Representative images of the R18 channels for cells with polarized and uniform distributions
(T cells and monocytes, respectively) are shown. (E) Filtered frequency distribution obtained after removing all values below statistical
noise from the data plotted in panel D. (F) Kinetic profile obtained by using relative frequencies from panel E to calculate the weighted
average for Δxy

norm. Data are presented as weighted averages (dots) with weighted standard errors (whiskers). Illustrations created with
BioRender.com and licensed for publication (agreement number: VK26WKI424).
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particular protein−protein interactions appear to be important
in the uptake of EVs.24 EV attachment and subsequent
internalization may be aided by protein−protein interactions
involving membrane receptors, ligands, or adhesive proteins on
recipient cells such as tetraspanins, lectins, proteoglycans, and
integrins.24

Furthermore, it is suggested that EV uptake is an extremely
rapid process, with EV cargo detected inside target cells within
minutes after initial introduction to the cells.33,34 Thus, the
current evidence suggests that the uptake of EVs is a rapid and
energy-dependent process that relies on a functioning
cytoskeleton, indicating the involvement of endocytic path-
ways. A few studies have suggested that direct fusion between
EVs and the plasma membrane of the recipient cells could be
an alternative route for EV internalization.28,35 For example, it
was shown that acidic microenvironments increased the entry
of tumor-derived exosomes into melanoma cells, mediated by a
lipid-dependent fusion process, which is resistant to
paraformaldehyde fixation.35 Thus, it seems that multiple
mechanisms, likely dependent on EV characteristics and the
host cell type, lead to EV internalization.26 Most research has
focused on the uptake of human-derived EVs by target cells,
and therefore, our understanding of how cells take up EVs
derived from malaria and other parasites remains limited.36

One major challenge in the determination of the exact uptake
route of EVs, especially malaria-derived EVs, is the lack of
biological markers of EVs.37,38

As diverse processes involving cellular membranes are
influenced by the membrane’s physical properties,39,40 as
demonstrated in cases of viral entry41 and drug delivery,42 we
investigated the biophysical mechanisms underlying the uptake
of P. falciparum-derived EVs. Specifically, we aimed to
determine whether there are significant differences in the
uptake routes between host cells of the innate and adaptive
immune systems, human monocytes (THP-1 cells) versus T
cells (Jurkat cells), respectively. Using imaging flow cytometry
(IFC) analysis of labeled EVs, we identified two distinct
patterns in the different recipient cells. A membranal
fluorescence “capped” (or “hot spot” type) signal appeared
on the T cell membrane, whereas labeling was uniformly
distributed throughout the cellular membrane of monocytes,
likely due to endocytosis. The mechanical deformability and
stiffness of the host cell membrane were crucial in determining
the entry path of the P. falciparum-derived EVs: T cells have
stiffer membranes than monocytes, and depletion of
cholesterol from the T cell membrane, which makes it less
rigid, resulted in a switch to internalization via endocytosis.
This study provides a biophysical framework to understand the
internalization of malaria-derived EVs into target cells and
provides insights into how the malaria parasite targets specific
subsets of the immune system to its benefit, opening the door
to identifying potential intervention targets to limit malaria
virulence.

RESULTS AND DISCUSSION
Analysis of Signal Distribution in Live Cells During EV

Uptake Using a Self-Quenching Lipid Dye. In order to
characterize the uptake dynamics of P. falciparum-derived EVs
in two types of host immune cells, monocytes and T cells, we
implemented an IFC method that had been employed
previously to analyze the distribution of the RNA cargo of P.
falciparum-derived EVs.38,43 The advantage of IFC is that it
allows for robust screening of over 100 000 cells within a short

time,44 enabling high-throughput analysis while also providing
the capability to characterize individual cell features. This
facilitates the identification of subpopulations within the
heterogeneous pool of cells. To specifically focus on dissecting
the EV entry route into host immune cells, we exploited the
fluorescence properties of the lipophilic self-quenching dye
octadecyl rhodamine B (R18).45−47 At high concentrations
within a lipid bilayer, the fluorescence of R18 is suppressed due
to self-quenching; upon dilution, either due to membrane
disruption or membrane fusion (e.g., when the EV labeled
lipids are incorporated in the recipient cell membrane), R18
fluorescence intensity sharply increases.46,47 This property has
been extensively exploited to measure membrane fusion in
viruses and other systems.28

We isolated EVs from P. falciparum-infected RBCs,
characterized the EVs (Figure S1), and labeled their
membranes using R18. After validating the incorporation of
the R18 dye into the isolated EVs (Figure S2), we introduced
the EVs into cultures of either human monocytes (THP-1
cells) or human T cells (Jurkat cells). The fluorescence signal
of the R18-labeled EVs was measured using IFC for 30 min in
a live acquisition manner5,38 (Figure 1A,B). Subsequently, we
truncated the data sets to the shortest common time point to
compare different acquisitions. We normalized each curve by
its respective median obtained from all data points in the last
truncated 100 s (Figure 1C).

To characterize the EV uptake signal pattern in each host
cell type, we focused on two primary parameters of the
obtained images: the total fluorescence intensity and the
fluorescence spatial distribution in the membrane of the
recipient host cells. For each image, the fluorescence spatial
distribution was quantified based on the Δxy feature.48 This
feature measures the distance between the geometrical
fluorescence centers for the images in the two separate
channels.44 In our case, Δxy was calculated as the distance (in
μm) from the center of the bright-field image (which is located
at the geometrical center of the cell) to the center of the
intensity-weighted R18 labeling. In the case of uniformly
distributed labeling throughout the cellular membrane (mean-
ing the center of the labeling is at the geometrical center of the
cell), the distance was small and constant (Figure 1D). In
contrast, a high Δxy value is indicative of a longer distance
between the center of mass of the fluorescence and the
geometrical center of the cell,44 meaning that the dye occupies
a polarized localization within the cell or cell membrane
(Figure 1D). Each data set was then 2D-binned both in time
(100 s bin width) and based on normalized total fluorescence
intensity (0.1 bin width) and based on normalized Δxy
(Δxy

norm; 0.5 bin width), and the relative frequency for each
bin was calculated. With this approach, we can visualize the
differences in the uptake behavior between the two cell types
(Figure 1D).

Comparison of the Δxy
norm frequency distribution for each

cell type incubated with R18 dye without EVs showed that
both the pattern observed and differences between cells were
not due to different dye internalization but rather the
interaction with EVs (Figure S3). Three patterns were
observed (Figure 1D): (i) A uniform membrane distribution
region (0 < Δxy

norm < 2), predominantly observed in
monocytes. (ii) A polarized membranal signal region, either
in the form of a fluorescence cap or puncta (2 < Δxy

norm < 10),
which appeared primarily in T cells at early time points. (iii)
We also observed fluorescence puncta not associated with the
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cell membrane region (Δxy
norm > 10); this pattern was

observed in both cell types and likely does not have biological
relevance. In addition, using the obtained relative frequencies
as a weight for statistics and filtering out frequencies below
statistical randomness (Figure 1E), we extracted the kinetic
profiles of each parameter to infer additional information on
the EV uptake process (Figure 1F).

Total and Membrane-Distributed Signals Differ in
Recipient Monocytes and T Cells. Analysis of the R18
fluorescence signals revealed apparent differences in the total
intensities and Δxy in T cells and monocytes post-uptake of P.
falciparum-derived EVs. The total R18 intensity increased
steadily over time in both cell types (Figures 2A−C and
S4A,B), with T cells showing a higher event frequency at low

Figure 2. Total intensities and intensity distributions of R18-labeled EVs are different between T cells and monocytes. (A) Representative
IFC images of recipient T cells (left) and monocytes (right) showing the differences in the R18 signal distributions over time during
incubation with R18-labeled P. falciparum-derived EVs. (B, C) Average heat maps of total R18 fluorescence intensity (i.e., amount of
fluorescence measured in the whole cell) after incubation of R18-labeled P. falciparum-derived EVs with either (B) T cells or (C) monocytes.
Heat map color represents the relative frequency (in percentage) at each specific normalized intensity - time coordinate, according to color
legend in the figure. (D) Heat map of R18 total intensity events in T cells and monocytes over time. Blue areas indicate more events in
monocytes compared with T cells, and red areas indicate the opposite. Outlines indicate the isofrequency region at a relative frequency of
0.1% for either T cells (red) or monocytes (black). Heat map color represents the difference in relative frequency (in percentage) between T
cells and monocytes legend in the figure. (E, F) Average heat maps of cellular R18 Δxy

norm, representative of uniformity of fluorescence signal
along the membrane, after incubation of R18-labeled P. falciparum-derived EVs with either (E) T cells or (F) monocytes. Heat map color
represents the relative frequency (in percentage) at each specific Δxy - time coordinate, according to color legend in the figure. (G) Heat map
of R18 Δxy

norm events in T cells and monocytes. Blue areas indicate more events in monocytes compared to T cells, and red areas indicate the
opposite. Outlines indicate the isofrequency region at a relative frequency of 0.1% for either T cells (red) or monocytes (black). Heat map
color represents the difference in relative frequency (in percentage) between T cells and monocytes at each specific Δxy

norm - time
coordinates, according to color legend in the figure. All panels were obtained from 5 independent biological repeats.
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normalized intensity values (∼0.25) in the first 400 s time
window than monocytes (Figures 2B and S4A). The intensity
distribution in monocytes was more homogeneous over time,
with only some clustering in the ∼800 s region (Figures 2C
and S4B). The difference in frequencies between the two cell
types confirms these distinct behaviors, with an early high
signal observed on the membranes of T cells but not on the
membranes of monocytes, consistent with the polarized signal
observed on the T cell membrane (Figure 2D). Monocytes
have low and constant Δxy values across all time points,
suggesting a uniform distribution of the signal along the cell

membrane through the entire uptake process, whereas, in T
cells, we observed an accumulation of the lipid dye at a certain
region of the membrane immediately upon EV introduction
(Figures 2A,E−G and S4D). Indeed, T cells have significantly
more Δxy

norm events in the polarized region (2 < Δxy
norm < 10)

at lower time points (<500 s) than observed in monocytes
(Figures 2D,E−G and S4C). The membranal capped signal in
T cells gradually decreased over time to more uniform values
(Δxy

norm < 2, Figure 2E). Moreover, monocytes have lower Δxy
values at later time points (>1000 min) than do T cells
(Figures 2F and S4D). Analysis of the difference in

Figure 3. Fluorescence intensity distribution reveals differential uptake mechanisms in T cells versus monocytes. (A) Heat map of statistical
significance of total R18 fluorescence intensity postincubation of R18-labeled EVs into T cells and monocytes obtained from IFC images.
Statistical significance was calculated using a two-sample t-test when green indicates statistical significance (p < 0.05), white indicates no
significance (n.s.), and brown indicates statistical test not applicable. Outlines indicate the isofrequency region at a relative frequency of
0.1% for T cells (red) and monocytes (black). (B) Representative kinetic profiles of total R18 fluorescence intensity in T cells (red) and
monocytes (black). (C) Comparison of τ1/2 values for T cells and monocytes, showing no significant difference (n.s.). (D) Heat map of
statistical significance in R18 fluorescence Δxy

norm after internalization of R18-labeled EVs to T cells and monocytes obtained from IFC
images. Statistical significance was calculated using a two-sample t-test when green indicates statistical significance (p < 0.05), white
indicates no significance (n.s.), and brown indicates statistical test not applicable. Outlines indicate the isofrequency region at a relative
frequency of 0.1% for T cells (red) and monocytes (black). (E) Representative kinetic profiles of total R18 fluorescence Δxy in T cells (red)
and monocytes (black) throughout the time window. (F) Comparison of time to reach homogeneous fluorescence distribution (time to cross
Δxy=2

norm) for T cells and monocytes. (G) 2D distribution of the relative frequency of events binned across Δxy values (bin width of 0.5) and
time (bin width of 100 min) for T cells (red) and monocytes (black).
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Figure 4. Monocytes and T cells have distinct P. falciparum-derived EV uptake kinetics. (A, B) Representative images of spectral signatures
of (A) monocytes and (B) T cells either untreated or treated for 30 min with TO-labeled P. falciparum-derived EVs. The areas within gray
dashed lines show B1−B14 channels equivalent to the TO fluorescence signal range. (C, D) Representative pseudocolor (left) and histogram
(right) plots for raw B3 peak channel intensities in TO-positive (C) monocytes and (D) T cells. (E, F) Representative post-unmixing
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distributions between the two cell types show a propensity for
T cells to have highly polarized cells early on, and monocytes
have a consistent distribution of fluorescence signals
surrounding their cell membrane, which gradually accumulates
(Figure 2G). In both cell types, the EV cargo is fully
internalized, as labeling of EVs with TO, which binds to RNA,
and subsequent incubation with either monocytes28 or T cells
(Figure S5) result in the intracellular TO fluorescence signal
that increases over time.

Statistical analysis of the total R18 intensity revealed actual
differences between T cells and monocytes only in the 800−
1200 s region, with some sporadic statistical significance in
areas where the main kinetics does not occur (Figure 3A). The
frequency-weighted kinetic profiles indicate differences in the
time evolution of the total intensity, primarily during the early
stages of EV uptake. Monocytes have a slower increase from 0
to 600 s followed by complete overlap with T cell kinetics
(Figures 3B and S6A). These differences, however, are not
enough to fully differentiate the two cell types. For instance,
the estimation of the half-time (τ1/2, the time point at which
the total intensity is half of the final value) for each cell type
revealed no significant difference (Figure 3C) with a τ1/2 of
686 ± 157 s for T cells and 814 ± 41 s for monocytes
(weighted average ± weighted standard error, n = 5, p = 0.12).
In contrast, statistical analysis of Δxy

norm showed a significant
(p < 0.05) difference in the Δxy values at early time points
(<500 s) and higher Δxy values (5−10 Δxy) as well as in the
low Δxy (0−2.5 Δxy region) at medium and later times (750−
1600 s, Figure 3D). This is in line with the major differences
observed in the two frequency distributions (Figure 2G).

Further, the kinetic profiles are distinctly different between
the two cell types, with T cells having slower kinetics (Figures
3E and S6B). Unlike the profile of T cells, the kinetic profile of
the monocytes rapidly decays into a homogeneous Δxy

norm

region and stabilizes. Estimation of the time to reach
homogeneous distribution upon EV uptake (τΔ=2, time at
which Δxy

norm = 2) revealed that, indeed, two cell types have
distinct and significantly different behaviors with τΔ=2 of 804 ±
131 s for T cells and 425 ± 241 s for monocytes (weighted
average ± weighted standard error, n = 5, p = 0.015; Figure
3F). These differences were further highlighted by inves-
tigation of individual distributions for each time bin: more
statistically significant differences were observed in the region
at 3−5 Δxy

norm values (Figure 3G).
Visualization using fluorescence confocal microscopy of the

two cell types after a 10 min incubation with R18-labeled EVs
confirmed the flow cytometry observations (Figure S7). The
membranal R18 fluorescence intensity in T cells was
significantly higher than that in monocytes, in agreement
with the extrapolated kinetic curves at 10 min (Figure 3B). For
T cells, higher-resolution confocal microscopy confirmed the
presence of the capping morphology observed by IFC, with
segments of the cell membrane displaying enhanced intensity
(Figure S7A,B). In contrast, in monocytes, the fluorescence

intensity was much more uniform (Figure S7A,B). Estimation
of the occurrence of capping was consistent between the
imaging techniques employed with T cells about twice as likely
as monocytes to display a polarized membrane fluorescence
(Figure S7C). Interestingly, although monocytes had a lower
fluorescence intensity at the plasma membrane than T cells, we
observed a large amount of high-intensity intracellular
fluorescence puncta in close proximity to the cell membrane
in monocytes (Figure S7D). This feature is not observed as
prominently in T cells. In addition, we observe that the
number of fluorescence puncta in the bulk, which we interpret
as EVs in solution, was much higher in T cells compared to
monocytes (Figure S7E).

Together, these results suggest significant differences in the
P. falciparum-derived EV uptake mechanisms in the two types
of immune cells. Monocytes are highly phagocytic cells;49,50

thus, they might internalize the parasitic EVs mainly by the
endocytosis pathway, which is a rapid and highly regulated
process.51−54 In support of this hypothesis, we previously
demonstrated that the internalization of P. falciparum-derived
EV cargo into these host cells occurs rapidly within a matter of
a few minutes.43 Confocal images of monocytes after a 10 min
incubation with R18-labeled EVs showed distinct bright
intracellular puncta (likely endosomes) and fewer EVs in
bulk in monocytes than in T cells, suggestive of rapid EV entry
into monocytes. The R18 lipid labeling distribution is uniform
throughout the uptake process into monocytes, but the signal
is initially of low intensity as only part of R18 has been mixed
with the plasma membrane, resulting in enough dilution to
result in loss of self-quenching. Upon full recycling of the
membrane following endocytosis, a process that occurs in 10−
20 min,43 the signal remains uniform but increases in intensity.
In the case of the T cells, however, the internalization of EVs
arises primarily from direct interaction with the plasma
membrane, which may account for the capping effect that we
observe early during the uptake. This direct EV membrane
fusion mechanism is not yet completely understood, unlike EV
internalization via endocytosis, which has been extensively
detailed.55

EV Uptake Kinetics Differ in Monocytes versus T
Cells, as Shown by Spectral Flow Cytometry. As a
complementary approach to IFC, we employed spectral flow
cytometry to examine the differences in the uptake kinetics of
P. falciparum-derived EVs between recipient monocytes and T
cells. We either labeled the EV membrane using R18 or the
RNA cargo of the EVs using TO dye5,38,43 and introduced the
P. falciparum-derived EVs to either monocytes or T cells for 5,
15, and 30 min. Upon incubation with R18-labeled EVs, there
was a clear difference in the uptake kinetics between the two
immune cell types, with T cells showing faster kinetics in the
initial 5 min compared with the monocytes (Figure S8). This
result is in agreement with the observations from the IFC
experiments, in which we saw a higher event frequency at low
normalized intensity values in the T cells compared to a more

Figure 4. continued

histograms (with autofluorescence subtraction) illustrating time-dependent increases in fluorescence signal following 5-, 15-, or 30 min
incubation with TO-labeled P. falciparum-derived EVs in (E) monocytes and (F) T cells. The adjacent histograms show treatment-induced
changes (upper) versus autofluorescence levels (lower) across experimental groups. (G, H) Averaged percentages of TO+ cells for (G)
10 000 EVs per cell with statistical significance evaluated using ANOVA F(5, 16) = 22.7, p < 0.0001 and (H) 30 000 EVs per cell with
statistical significance evaluated using ANOVA F(5, 16) = 7.1, p < 0.01, Šidak multiple comparison tests. **p < 0.01, ***p < 0.001
monocytes versus T cells within the same time points.
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homogeneous distribution in the monocytes in the first 400 s
time window (Figures 3B and S6A).

When focusing on the EV cargo, the initial analysis of
monocytes and T cells exposed to TO-labeled EVs revealed a
positive signal across all emissiondetection channels excited by
blue laser (498−824 nm) with a higher signal in monocytes
than T cells (Figure 4A,B). The signal corresponded to the TO
dye known excitation/emission spectrum (513/533 nm).
These data suggest that the uptake of EVs by monocytes is
more efficient than the uptake by T cells. We next compared

the experimental samples using the raw fluorescence intensity
values obtained within the B3 channel (533−550 nm), the
peak emission channel in EV-treated monocytes and T cells
(Figure 4C,D). We found that after 5 min of incubation with P.
falciparum-derived EVs, most monocytes (84.1 ± 9.3%) were
positive for TO, whereas significantly fewer T cells (4.9 ±
2.3%) were TO positive at the same time point (Figure S9).
The disparity in the uptake pattern was sustained at 15 and 30
min post-EV introduction. These two distinct uptake patterns
per cell type remained significant even at a higher EV

Figure 5. Depletion of cellular organelles removes differences in EV internalization dynamics between T cells and monocytes. (A)
Representative images of T cell-derived (left) and monocyte-derived (right) GPMVs following incubation with R18-labeled EVs. Images are
shown in the bright field (BF) and the R18 fluorescence channel. (B) Heat map of the average R18 Δxy relative frequency after incubation of
R18-labeled EVs with T cell-derived GPMVs. (C) Heat map of average R18 Δxy relative frequency after incubation of R18-labeled EVs with
monocyte-derived GPMVs. (D) Heat map of R18 Δxy

norm events in T cells and monocytes. Blue areas indicate more events in monocytes
compared to T cells, and the red areas indicate the opposite. Outlines indicate the isofrequency region at a relative frequency of 0.1% for T
cells (red) and monocytes (black). (E) Heat map of statistical significance in R18 fluorescence Δxy

norm after internalization of R18-labeled
EVs in GPMVs derived from T cells and monocytes. Significance was determined by using a two-sample t-test with green indicating
statistical significance (p < 0.05), white indicating no significance (n.s.), and brown indicating statistical test not applicable. (F)
Representative total R18 fluorescence Δxy profiles for GPMVs derived from T cells (red) and monocytes (black). (G) Comparison of time to
reach homogeneous fluorescence distribution (time to cross Δxy

norm = 2) for GPMVs derived from T cells and monocytes. The data
presented are based on 3 biological repeats. Each kinetic profile is presented as a weighted average (dot) and weighted standard error
(whiskers). Heat map color in panels B and C represents the relative frequency (in percentage) at each specific Δxy - time coordinate,
according to color legend in the figure. Heat map color in panel D represents the difference in relative frequency (in percentage) between T
cells and monocytes at each specific Δxy

norm - time coordinates, according to color legend in the figure.
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concentration (98.9% for monocytes and 56.5% for T cells
after 5 min; Figure S9).

Immune cells may exhibit autofluorescence,56 raising the
probability of interference with the fluorescence assays.57 To
test whether the observed effects stem from changes in
intrinsic cell autofluorescence, we applied an unmixing
algorithm to the detected fluorescence cell profiles to reveal
cell line-specific autofluorescence signatures. This analysis
confirmed that monocyte EV uptake is significantly faster than
uptake into T cells across all time points and EV
concentrations tested with no changes in the background
autofluorescence (Figure 4E,F). Specifically, most monocytes
(75%) were TO positive after 5 min of EV incubation, whereas
only about 4% of the T cells were TO positive (Figure 4G).
This significant difference in the uptake efficiency was also
apparent at a higher EV concentration (Figure 4H).
Removal of Intracellular Organelles Eliminates the

Uptake Differences between Monocytes and T Cells.
Next, we investigated whether the plasma membrane
characteristics of the host immune cells determine the routes
of uptake (capped versus uniform for T cells and monocytes,
respectively). For that, we segregated the plasma membrane of
each cell type by generating giant plasma membrane vesicles
(GPMVs) from T cells and monocytes.28 GPMVs are
commonly used for efficiently isolating intact plasma
membranes (PMs).48 The GPMVs are filled with cytoplasm
but free from internal organelles and maintain the native
membrane compositions of proteins and lipids.48,71 We first
validated that the GPMVs have spherical morphology by using
atomic force microscopy (AFM) (Figure S10) and that they do
not contain any internal organelle components such as DNA

(Figure S11). We then mixed GPMVs derived from T cells and
monocytes with R18-labeled P. falciparum-derived EVs and
measured the acquired fluorescence signal using IFC, as was
previously done for intact cells. In this case, we monitored the
distribution of the EV signal interacting solely with the plasma
membranes. We found that the Δxy distributions over time
were comparable between GPMVs derived from T cells and
monocytes (Figure 5A−C), with the capped characteristic
distribution in the polarized Δxy

norm at early times, typical of
live T cells, observed for both GPMV types. Comparison of the
two GPMV distributions shows minor differences, with
monocyte GMPVs displaying more events in the low delta
values across all time points and T cell GMPVs showing higher
frequency in the 1−4 Δxy

norm region at ∼800 s (Figures 5B−D,
S12, and S13).

No difference was detected in the Δxy distributions between
monocyte- and T cell-derived GPMVs (Figure 5B,C). Further
analysis of the kinetic profiles of the two GPMV types revealed
almost total overlap between the two populations (Figures
5D−F and S14). No difference was detected in the time
required to reach a homogeneous distribution of the R18 signal
with τΔ=2 of 566 ± 115 s for T cells and 473 ± 145 s for
monocytes (Figure 5G). Although removal of the intracellular
organelles minimally changed the Δxy

norm pattern and kinetic
profiles for T cells, it drastically modified it for monocytes with
a clear increase and statistical significance of events in the
capped Δxy

norm region at early times (100−600 s) and
reduction in the uniform region at later times (>800 s)
(Figure S13). The observed effects are not byproducts of the
GPMV production reagent on the membrane, as treatment of
both cells with DTT and subsequent evaluation of the resulting

Figure 6. T cell membranes are more rigid than monocyte membranes. (A) Measurement of Young’s Modulus by AFM on intact GMPVs
obtained from either T cells (dark blue) or monocytes (light blue). Data are presented as relative frequencies obtained from 4 replicates for
each cell type and calculated with a bin width of 500 Pa. Statistical significance was calculated using one-way ANOVA; *p < 0.05. (B, C)
Representative images of supported lipid bilayers from (B) T cells and (C) monocytes. Scale bars: 2 μm. (D) Representative force−
separation curves measured on the supported lipid bilayer of T cell- and monocyte-derived GPMV populations. (E) Puncture force box plots
for the T cell- and monocyte-derived GPMV populations. The box represents the first quartile (Q1) and the third quartile (Q3) of the data,
with a line at the median. The whiskers extend from the box to the farthest data point lying within 1.5 × the interquartile range (IQR) from
the box (Q1−1.5 × IQR, and Q3 + 1.5 × IQR). Outliers are represented by diamonds. The data presented was measured at an approach
speed of 1 μm/s (n = 316 events for T cells and n = 308 events for monocytes). All data sets measured at different speeds and 2 different
biological repetitions showed a similar significant trend.
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Figure 7. Removal of cholesterol shifts the uptake route of T cells from the membrane to the endocytic pathway. (A) Representative IFC
images of untreated T cells, T cells treated with 1.5 mM mβCD, and T cells treated with 2.5 mM mβCD during the first 600 s after the
addition of R18-labeled EVs. (B) Heat maps of average cellular R18 Δxy

norm relative frequency after incubation of R18-labeled EVs with
untreated T cells (left), cells treated with 1.5 mM mβCD (center), and cells treated with 2.5 mM mβCD (right). Heat map color represents
the relative frequency (in percentage) at each specific Δxy - time coordinate, according to color legend in the figure. (C) Heat map of
differences in Δxy

norm events between untreated T cells and cells treated with 1.5 mM mβCD. (D) Heat map of differences in Δxy
norm events

between untreated T cells and cells treated with 2.5 mM mβCD. (E) Representative kinetic profile of Δxy
norm for untreated T cells (red), T

cells treated with 1.5 mM mβCD (blue), and T cells treated with 2.5 mM mβCD (green), showing a progressive loss of the polarized region
at early time points. (F) Comparison of time to reach homogeneous fluorescence distribution (time to cross Δxy

norm = 2) for untreated T
cells (red), T cells treated with 1.5 mM mβCD (blue), and 2.5 mM mβCD (green), normalized to untreated T cells. All heat maps and bar
graphs presented are based on 3 biological repeats. For heat maps of differences (panels C and D), blue areas indicate more events in the
mβCD-treated cells compared to untreated T cells, and red areas indicate the opposite. Outlines indicate the isofrequency region at a relative
frequency of 0.1% for either nontreated T cells (red), T cells treated with 1.5 mM mβCD (blue), and 2.5 mM mβCD (green). Each kinetic
profile is presented as a weighted average (dot) and weighted standard error (whiskers). Heat map color in panels C and D represents the
difference in relative frequency (in percentage) between untreated T cells and mβCD-treated T cells at each specific Δxy

norm - time
coordinates, according to color legend in the figure.
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Δxy
norm profiles showed an opposite trend to GPMV uptake,

with cells becoming more endocytic (Figure S15).
In the experimental setup with GPMVs, no active or energy-

dependent processes take place. Thus, these results suggest
that the membranes of T cells and monocytes have similar
affinities for EVs. The entry of EVs into GPMVs from both cell
types is comparable, with no significant dynamic differences.
Since the removal of intracellular organelles eliminated the
typical uniform pattern of low Δxy

norm at early times exhibited
by monocytes and reverted it into a T cell-like capped pattern,
these data support our notion that monocyte internalization of
P. falciparum-derived EVs probably occurs primarily via
endocytosis.
AFM Analysis Reveals that the T Cell Membrane is

Stiffer than the Monocyte Membrane. Having demon-
strated that the major difference in EV internalization by T
cells and monocytes is the balance between endocytosis and
direct interaction at the plasma membrane, we sought to
investigate whether there are differences in the properties of
the host cell membranes that contribute to such a balance.
Endocytic pathways, such as clathrin-mediated or caveolin-
mediated endocytosis,58 are modulated by distinct protein
machinery, but the mechanism of endocytosis, regardless of
type, is bound by the physical parameters of the cell
membrane.40 Transitioning from the plasma membrane to
inward budding requires mechanical force.40

We first used an AFM indentation assay on intact GPMVs
obtained from both cell types to assess the mechanical
deformability of the two membranes. Interestingly, we
observed that the Young’s modulus of monocyte-derived
GPMVs had a distribution mostly confined in the 0−4000 Pa
range (Figures 6A and S16A), whereas the T cell-derived
GMPV distribution extends into the 5000−10 000 Pa range
(Figure S16B). This indicated that the T cell-derived GMPVs
include a population of less deformable vesicles. These
differences are in agreement with previous measurements of
membrane rigidity obtained from primary immune cells;59

however, the mechanical properties of GPMVs can be affected
by factors such as vesicle size, internal pressure, or shape
variation. Thus, to directly measure the deformability of the
membrane, we investigated whether T cell and monocyte
membranes differ in mechanical properties using a puncture
assay on supported lipid bilayers formed from GMPVs
obtained from both cell types (Figure 6B,C).

Supported lipid bilayers locally collapse when they are
pressed by the AFM tip. Typical puncture events are indicated
on the force indentation curve by a dip when the tip penetrates
the lipid layer. The force measured at this point represents the
maximum force the membrane can endure (Fmax), and it
directly relates to the deformability of the membrane. Puncture
events have been detected in many supported lipid bilayers
with various lipid compositions, as well as from supported
natural membranes, providing direct insight into the
mechanical stabilities of a variety of membranes.16,60−62

To form supported lipid bilayers from GPMVs, we
deposited the vesicles on a Mg2+-modified mica surface and
ruptured them by applying force with a fine tip (<10 nm
radius). We subsequently identified areas where supported
lipid bilayers had spread on the surface (Figure 6B,C),
determined that a single bilayer was deposited, with an
expected height around 5 nm (Figure S17A,B), and acquired
force separation curves (Figure 6D). To objectively verify the
presence of significant differences between cell types, the data

were analyzed by supervised machine learning with a support
vector machine model and 3-fold cross-validation. Under all
conditions measured, the characteristic yield force for a
puncture event differed significantly, with higher forces
required to puncture T cell-derived GPMVs than monocyte-
derived GPMVs (Figure 6E). Validation of the machine-
learning data analysis demonstrated that T cells and monocytes
are well-separated with a 70% average accuracy on 3-fold cross-
validation with a support vector machine model (Figure
S17C). This is direct evidence of differences in membrane
compactness arising from compositional differences between
the two populations, with T cell-derived GPMVs having
markedly less deformable (or stiffer) membranes than
monocyte-derived GPMVs, in agreement with recent reports
indicating that T cells are stiffer on average than are
monocytes.59

Cholesterol Regulates the Balance between Endo-
cytic and Membranal EV Entry by Affecting Membrane
Stiffness. Since membrane tension and mechanical stiffness
negatively regulate endocytosis,63,64 we sought to shift the
membranal/endocytic balance of the recipient cells by
modulating the membrane deformability. To that end, we
treated T cells with mβCD, a compound that removes
cholesterol from the plasma membrane,65−68 making it less
rigid.65 T cells were treated with either 1.5 or 2.5 mM mβCD
for 15 min as previously described.69 Using the Sytox viability
assay,70 we confirmed that mβCD treatment did not alter cell
viability (Figure S18). Next, the mβCD-treated T cells were
incubated with R18-labeled P. falciparum-derived EVs, and the
EV uptake was measured using IFC (Figures 7A and S19).
Remarkably, upon cholesterol depletion, we did not observe
the capping behavior at early time points, which we
consistently observed for T cells not treated with mβCD;
instead, for mβCD-treated T cells, there was a significant shift
toward lower Δxy frequencies (Figure 7A,B), which is
characteristic of the monocyte uptake signal (Figure 2E).
Comparison of the distributions of untreated T cells to
cholesterol-depleted ones confirmed the qualitative observa-
tions: T cells treated with either 1.5 or 2.5 mM mβCD had
increasingly fewer capping events than untreated T cells
(Figure 7C,D). Treatment with 2.5 mM mβCD resulted in a
clear reduction of Δxy

norm in the early time points with a
significant difference between untreated and cholesterol-
depleted T cells (Figure 7D). The differences in the signal
distribution between untreated T cells and 1.5 mM mβCD-
treated T cells were negligible across the replicates; never-
theless, we still observe some individual reduction in the
capped region, and at 2.5 mM mβCD, the Δxy

norm distribution
completely shifts from capped behavior at early times to a full
uniform distribution (Figure S19). These data suggest that
cholesterol depletion, which induces changes in the cell’s
mechanical deformability, alters the mechanism of EV uptake.

Furthermore, analysis of the kinetic profiles revealed that EV
uptake by untreated T cells starts in the polarized Δxy

norm

region (Figures 7E and S20) and progresses into the uniform
region (Δxy

norm < 2). In T cells treated with 1.5 mM mβCD,
the kinetic profile was similar to that of untreated cells,
whereas in cells treated with 2.5 mM mβCD, there was
minimal fluorescence polarization (Figures 7E and S20).
Estimation of time to reach homogeneous distribution (τΔ=2)
revealed that T cells more rapidly reached uniform
fluorescence distribution with increasing concentration of
mβCD (Figure 7F); there was a reduction in τΔ=2 of 25 ±
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35% for cells treated with 1.5 mM mβCD compared to
untreated cells (weighted average ± weighted standard error, n
= 3, p = 0.29) and of 56 ± 24% for cells treated with 2.5 mM
mβCD compared to untreated cells (weighted average ±
weighted standard error, n = 3, p = 0.015). Together, these
data indicate that cholesterol in the plasma membrane
regulates the mechanism of EV entry via modulation of the
plasma membrane’s physical properties. Stiffer membranes are
associated with direct membrane entry, and softer membranes
favor endocytic entry. Removal of cholesterol, which reduces
the rigidity of the plasma membrane, shifts the balance from
the membranal toward endocytic entry of parasite-derived EVs.

Overall, this study suggests that despite the many differences
in biomolecular profiles and metabolic activity between the
immune cell types, the fundamental physical properties of
membrane stiffness are sufficient to dictate where malaria-
derived EVs preferential entry route would be, with a stiffer
membrane favoring fusion at the plasma membrane and softer
cells internalizing EVs via endocytosis (Figure 8).

CONCLUSIONS
Previous research has suggested that EVs can enter cells
through multiple mechanisms, including endocytosis and
direct membrane fusion.26,71 The primary mode of entry for
mammalian EVs is endocytic,22,24,27,32 but the uptake of
malaria-derived EVs has not been well characterized. An
interesting feature of parasite EVs is the wide range of recipient
host cells to which the EVs are directed, including immune,13

endothelial cells,17 and naiv̈e RBCs.18 RBCs lack the internal
machinery responsible for EV endocytosis. Other factors have
been shown to influence the EV uptake process, including
membrane lipid and protein composition,16,26 and the
mechanical properties of the EV membrane and the recipient
host cell membrane.72 Thus, the mechanisms of uptake of EVs
derived from P. falciparum-infected RBCs most likely depend
on the type of target cells. Additionally, it was recently
demonstrated that different subpopulations of P. falciparum-
derived EVs are capable of spontaneously fusing with the
plasma membrane and the early endosome.16 Here, by
meticulously studying the biophysical mechanism underlying
P. falciparum-derived EV uptake into two different human
immune host cells, monocytes and T cells, we demonstrate
that membrane mechanical properties play a significant role in
the EV uptake mechanism.

Using assays that followed internalization dynamics of P.
falciparum-derived EVs, labeled with R18, a self-quenching dye,
into live cells, we compared uptake into cells of the innate and
adaptive immune system (i.e., monocytes and T cells,
respectively). When lipids labeled with R18 are incorporated
into another membrane, the dye is diluted, which increases its
fluorescence intensity.46,47 We demonstrated that T cells show
a polarized or capped distribution pattern of membrane
fluorescence, consistent with a local increase in R18 intensity
due to EV membrane fusion events at the cell surface. In
contrast, monocytes, which are phagocytic cells, show a
uniform distribution pattern of the R18 signal post-EV uptake

Figure 8. Proposed model for EV uptake into monocytes and T cells. EVs primarily enter monocytes through the endocytic pathway,
whereas in T cells, uptake is mediated through specific regions of direct membrane contact or fusion.
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with distinct bright R18 intracellular puncta, as observed by
confocal microscopy. This pattern and our finding that there
was a much lower concentration of EVs in solution with
monocytes compared to T cells after the same time of
incubation are consistent with the endocytosis of EVs into
monocytes. The faster uptake process in monocytes is
characterized by extensive lipid recycling,73 albeit at a slower
rate than internalization, with endocytic pits typically occurring
within 1−2 min74 and the time frame of full membrane
recycling approximately 10 min.73 This results in uniform and
initially lower-intensity labeling distribution within monocytes
compared with the T cells.
P. falciparum-derived EV uptake occurred with similar

kinetics and distribution into GPMVs derived from both cell
types. Therefore, the removal of the intracellular organelles
from the recipient cells eliminated the uptake differences
between the two cell types. Both results with live cells and
GPMVs indicate that the capped pattern is due to interaction
at the cell surface, namely, membrane fusion. Although our
data does not reveal the structure or nature of the capped
feature, both the initial fluorescence intensity at the plasma
membrane, which is higher in T cells than monocytes, and the
presence of polarized region on the membrane indicate that
EV-cell interaction is at the surface and involves membrane
fusion, as spontaneous transfer of free R18 molecules occur at
a much slower rate than observed when R18 labels EVs.75 One
additional aspect to consider is that the study of R18
dequenching cannot discriminate between full fusion (with
successful cargo release within the cells) and hemifusion; the
results we obtained, therefore, suggest that the preferential
interaction of EVs with T cells occurs at the plasma membrane,
but we cannot quantify the amount of cargo internalization.
Our spectral flow cytometry and IFC analyses do indicate that
cargo internalization for T cells occurs at a slower rate than
internalization into monocytes, which supports our hypothesis
that EV-mediated cargo delivery into T cells occurs through a
more stochastic and less efficient membrane fusion process
than the endocytosis-mediated delivery into monocytes.

We also demonstrated that modulation of the mechanical
properties of T cell membranes by depletion of cholesterol
resulted in a less rigid membrane compared to nontreated cells
and led to a significant shift in the distribution pattern of R18
labeling. T cells with membranes lacking cholesterol had an EV
uptake mechanism more similar to that of monocytes.
Interestingly, the shift in the uptake route toward endocytosis
occurred despite the possible inhibition of lipid-raft-mediated
endocytosis caused by cholesterol depletion.76 This suggests
that other endocytosis paths might be upregulated to
compensate for the loss of lipid rafts, as has been previously
reported.77 As we did not quantify the overall number of
endocytic events but only focused on the route of EV
internalization, further studies will be required to evaluate and
identify the specific endocytic pathways involved in EV uptake.

EV uptake is dependent on the proteins and glycoproteins
found on the surface of both the vesicle and the target cell.24,26

For example, proteinase K treatment of EVs derived from
ovarian cancer cells significantly reduced their uptake into
ovarian cancer cells,22 strongly supporting the role of proteins
during the uptake process. It was also shown that mammalian
EVs fuse with liposomes, mimicking the membrane composi-
tion of the late endosome in a pH- and protein-dependent
manner.78 Chemical inhibitors and antibodies that block
specific uptake pathways have been shown to inhibit EV

entry into cells.26 Interestingly, it has been reported that the
treatment of epithelial cells with mβCD results in significant
inhibition of Trichomonas vaginalis EV uptake, specifically via
lipid raft endocytosis,72 in contrast to what was observed in
this study. In the case of P. falciparum-derived EVs, uptake by
host monocytes also depends on N-glycoproteins, thus
showing that terminal sialic acid on the N-glycans is essential
for uptake by human monocytes.79

It should be noted that there is heterogeneity in both the EV
populations and the target cell types in our study. Our focus
here was on the biophysical properties of the recipient cell’s
plasma membrane, but it will be of great interest in the future
to understand the role of the biophysical properties of the EVs
in dictating the uptake routes. It is possible that a population of
EVs can simultaneously trigger several different uptake
pathways, depending on the EV constituents and the
properties of the host cells.80−82 A recent study demonstrated
that two malaria-derived EV subsets with distinct membrane
rigidities had distinct fusion specificities, supporting such a
scenario.16 Overall, our results shed light on the importance of
cell membrane mechanical properties in maintaining the
balance among the different EV uptake mechanisms. Further
research is needed before we have a comprehensive under-
standing of the roles of endocytic compartments and
membrane affinity in the uptake process. For instance,
quantifying EV binding to cell membranes and the subsequent
fusion event could be achieved by combining secondary
membrane labeling on the recipient cells and monitoring the
evolution of the polarized signal. This would allow the
determination of potential specific molecular partners on the
cell surface, which have been found to directly correlate, for
example, with the induction of membrane deformation and
endocytosis of virions.83

In summary, advancing our understanding of P. falciparum-
derived EV uptake mechanisms provides deeper insights into
disease progression and the virulence strategies developed by
the deadliest malaria parasites. Such knowledge will aid in the
design of novel and sophisticated drug delivery systems using
engineered EVs. There is considerable interest in utilizing EVs
to enhance vaccine delivery. It was recently shown that
Plasmodium yoelii EVs can be used to immunize mice against
lethal infection.84 Understanding how to modulate such EVs,
either engineered or collected from parasites, to reach specific
immune cell targets will provide invaluable information that
will guide the development of better prevention strategies and
improve immunization outcomes in the most afflicted regions
of the world.

METHODS
P. falciparum Culture. P. falciparum parasites (NF54 strain was

kindly provided by the Malaria Research Reference Reagent Resource
Center) were cultured in human RBCs using a standard method.85

Briefly, parasites were grown at 4% hematocrit in pooled healthy
uninfected RBCs, provided by the Magen David Adom and Sheba
Medical Center Blood Bank Laboratories, Israel (IRB�1634-1), at 37
°C in a gas mixture of 1% O2 and 5% CO2 in N2 in RPMI 1640
medium, pH 7.4 (Diagnovum, Cat#: D840-P10), supplemented with
25 mg/mL 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(Sigma-Aldrich, Cat#: H3375), 50 μg/mL hypoxanthine (Sigma-
Aldrich, Cat#: 4010CBC), 2 mg/mL sodium bicarbonate (Fischer
Scientific, Cat#: 15588134), 20 μg/mL gentamycin (Sigma-Aldrich,
Cat#: G9654), and 0.5% AlbumaxII (Gibco, Cat#: 11021045).
Parasite growth was monitored by Giemsa staining (Sigma-Aldrich,
catalog no. 109204) of methanol-fixed blood smears. Cultures were
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tested for mycoplasma infections twice a month using a commercial
kit (MycoAlert Plus Lonza, Cat#: LT07−318).
Human THP-1 Monocyte Culture. THP-1 cells were cultured as

previously described.86 Briefly, cells were grown in complete RPMI
1640+ with L-glutamine (Biological Industries Ltd., Cat#: 011001A)
supplemented with 10% FBS (Sigma-Aldrich, Cat#: F7524) and
PenStrep (Diagnovum, Cat#: D910) in a humidified incubator at 37
°C with 5% CO2. Cells were tested for mycoplasma once a month
using a commercial kit MycoAlert Plus (Lonza, Cat#: LT07−318).
Human Jurkat Cell Culture. The Jurkat E6−1 T cells were

cultured as previously described.87,88 In brief, cells were grown in
complete RPMI 1640+ with L-glutamine, 10% FBS, and PenStrep in a
humidified incubator at 37 °C and 5% CO2. Cells were tested for
mycoplasma once a month.
EV Isolation. Growth media was collected from high parasitemia

(≥5%) P. falciparum-infected RBC culture. Prior to media collection,
cultures were tightly synchronized using 5% sorbitol (Sigma-Aldrich,
Cat#: S1876) according to a standard protocol.5 EV purification was
performed as previously described.18 Briefly, the medium was spun
down at 413g for 5 min. The remaining cells were cleared by an
additional centrifugation at 413g for 5 min, followed by a
centrifugation at 1900g for 10 min. To eliminate cell debris, the
media was then centrifuged at 15 180g for 1 h at 4 °C. The
supernatant was filtered through a 450 nm pore filter, and EVs were
concentrated using a Vivacell 100 with a 100 kDa cutoff (Sartorius
AG, Cat#: VC1042) as described in the manufacturer’s protocol.
Pelleted EVs were obtained as previously described89 via 150 000g
ultracentrifugation for 16 h at 4 °C using a Beckman OPTIMA90X
ultracentrifuge with a Ti70 rotor (Beckman Coulter). Finally, the
pellet containing EVs was carefully suspended in PBS containing Ca2+

and Mg2+ (Biological Industries) for further analysis.
EV Labeling and Purification. EVs were incubated with thiazole

orange (TO, Sigma-Aldrich, Cat#: 390062), which binds to RNA38 at
a 1:500 dilution at 37 °C for 30 min. Unlabeled EVs were used as a
control. EVs were pelleted by overnight ultracentrifugation at 4 °C
and 150 000g (Beckman OPTIMA90X ultracentrifuge with a Ti70
rotor). The pellet was then carefully suspended in PBS containing
Ca2+ and Mg2+ for further analysis.

For octadecyl rhodamine B (R18) labeling of EV membranes,
resuspended EVs were incubated with R18 (Sigma-Aldrich, cat. no.
83685) at a dilution of 1:100 at 37 °C for 30 min. Unlabeled EVs
were used as a control. EVs were slowly loaded over a 2.5 mL sterile
20% sucrose solution (prepared in PBS containing Ca2+ and Mg2+),
forming a layer. EVs were pelleted by ultracentrifugation using a
swinging bucket rotor (Beckman Coulter) at 102 400g for 4 h at 4 °C.
The supernatant was discarded, and the EVs were resuspended in
sterile PBS containing Ca2+ and Mg2+ for further analysis.
Poly-D-lysine-Coated Plates. Plates were coated with poly-D-

lysine (Gibco, Cat#: A3890401) as per the manufacturer’s protocol.
Briefly, 300 μL of poly-D-lysine solution was added to each well of 24-
well-plates and left overnight at room temperature. Next, plates were
washed three times with doubly distilled water and dried completely.
Monocytes or T cells were plated in the coated plates at 1 × 106 cells/
well and incubated at 37 °C with 5% CO2 overnight to allow
complete adherence of the cells to the plate.
GPMV Isolation. GPMVs were prepared as previously de-

scribed.90 In brief, monocytes and T cells plated on poly-D-lysine-
coated 24-well-plates were washed with a GPMV vesiculation buffer
containing 20 mM HEPES, 150 mM NaCl, and 2 mM CaCl2 in PBS
(Ca2+-/Mg2+-) at pH 7.4 to remove any detached cells. For labeling of
GPMV membranes, 2 μg/mL of lipophilic tracer Dil (Thermo Fisher,
Cat#: D282) was added to the buffer, and after incubation at 37 °C
with 5% CO2 for 30 min, cells were washed three times with GPMV
vesiculation buffer to remove excess dye. To induce vesiculation,
monocytes and T cells were incubated for at least 2 h at 37 °C with
5% CO2 in 200 μL of active vesiculation buffer containing 2 mM
dithiothreitol (DTT, Cat#: DB0058) and 27.6 mM formaldehyde
(J.T. Baker, Cat#: UN2209). The GPMVs were collected and
centrifuged at 200 g for 5 min to remove the remaining cells and cell
debris. GPMVs were kept at 4 °C. DiI-labeled GPMVs were

employed only for the purpose of visualization of the GPMVs. For
all experiments involving the incubation of GPMVs with R18-labeled
EVs, unlabeled GPMVs were utilized.
Nanoparticle Tracking Analysis. Vesicle size distributions and

concentrations were calculated using nanoparticle tracking analysis91

with the NanoSight NS300 device (Malvern Panalytical Ltd.) 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 sizes of the particles were estimated based on their
hydrodynamic radii.91

Kinetic Analysis of EV Uptake into Live Cells Using
Multispectral Imaging Flow Cytometry Analysis. For kinetic
analyses of uptake of EVs, 1 × 106 monocytes or T cells were labeled
with 4 μM Hoechst (Life Technologies, cat. no. 62249) at a dilution
of 1:8000. The cells were incubated with the dye for 10 min, followed
by two washes with PBS containing Ca2+ and Mg2+. The Hoechst-
labeled cells were kept on ice until assayed. For DTT/formaldehyde
treatment, cells were incubated for 20 min at 37 °C with 5% CO2 in 2
mL of active vesiculation buffer with 2 mM DTT and 27.6 mM
formaldehyde. Cells were then washed with PBS containing Ca2+ and
Mg2+ and placed on ice. R18-labeled or TO-labeled P. falciparum-
derived EVs were added to the cells, and the EV uptake was assessed
using IFC for 30 min. Cells were imaged using a multispectral
ImageStreamX Mark II imaging flow cytometer (Amnis Corp.) using
a 60× lens (NA = 0.9). The lasers used were 405 nm (50 mW) and
561 nm (120 mW), and the channels collected were bright field
(Ch01 and Ch09), TO (Ch02), R18 (Ch03), and Hoechst (Ch07).
At least 20 000 cells were collected from each sample. Data was
analyzed using the manufacturer’s image analysis software (IDEAS
6.3; Amnis Corp.). Monocytes and T cells were gated for (a) single
cells using the area and aspect ratio features and (b) focused cells
using the Gradient RMS feature as previously described.92 Cropped
cells were eliminated by plotting the cell area of the bright-field image
against the Centroid X feature (the number of pixels in the horizontal
axis from the left corner of the image to the center of the cell mask).
Vesicle internalization was evaluated by considering the intensity (the
sum of the background-subtracted pixel values within the masked area
of the image) and the max pixel (the largest value of the background-
subtracted pixel). The delta centroid (Δxy) value was measured as the
distance from the center of the cell (center of the bright-field mask) to
the intensity-weighted center of the membranal labeling (Ch03)
normalized to a 0 to 1 scale (0 being the geometrical center of the cell
and 1 being the edges of the mask). In cases where labeling was
uniformly distributed throughout the cellular membrane, the radial
Δxy values were small. When the labeling was localized to a certain
area of the membrane, the radial Δxy values were large. For GPMVs, a
similar analysis was performed following their isolation from the cells.
Spectral Flow Cytometry. To evaluate the uptake of

fluorescently labeled P. falciparum-derived EVs, monocytes or T
cells were plated into wells of a 24-well-plate on the day of the
experiment at 1 × 106 cells/well for analysis of TO-labeled EV uptake
or 0.25 × 106 for the R18-labeled EV uptake. The lower number of
cells was due to the additional purification step required for the R18-
labeled EVs. TO-labeled EVs were introduced into the cells at a ratio
of 10 000 or 30 000 EVs/cell, and R18-labeled EVs were added to the
cells at 10 000 EVs/cell, and the cells were incubated at 37 °C with
5% CO2 for 5, 15, or 30 min. Next, cells were centrifuged at 1300 rpm
for 5 min, and the supernatant was discarded. The cell pellets were
gently resuspended in ice-cold flow cytometry buffer (PBS containing
Ca2+ and Mg2+, 1 mM EDTA, and 2% FBS). Uptake was analyzed by
spectral flow cytometry using the Aurora Spectral Flow Cytometer
(Cytek Biosciences). The instrument is equipped with 5 lasers and 64
detection channels. During acquisition sessions, 20 000 cells from
each sample were collected for further analysis and comparisons. The
data acquisition and deconvolution, including autofluorescence
detection and subtraction, was performed using the SpectroFlo
Software v3.3.0. Plots of time- and EV concentration-dependent
changes in cellular uptake were created using FlowJo software
(v10.8.1). The XY plots and statistical analyses were carried out using
GraphPad Prism v10.2.0 software.
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AFM. GPMV suspensions were placed on Petri dishes coated with
Concanavalin A-coated (Sigma-Aldrich, Cat#: C5275) overnight to
allow adsorption. Prior to scanning, 2 mL of GPMV vesiculation
buffer was added to the sample. Imaging was performed with a JPK
Nanowizard III AFM microscope (Bruker Nano GmbH) in the QI
mode. In this mode, force−distance curves are recorded at each pixel
and are used to acquire topographic images and nanomechanical data
simultaneously. Measurements were conducted with a qp-BioAC-CI
CB3 probe (Nanosensors), spring constant ≈0.06 N/m. The spring
constant was measured prior to each measurement by using the
contact-free spring calibration method in the JPK software v.6. Force
curves from the center of each GPMV were used to calculate the
elastic modulus by applying a contact mechanical Hertzian model
(using JPK data processing software version 6.1.86), with a Poisson
ratio of 0.5 and a conical tip with an opening half angle of 22 degrees.
Only vesicles with heights between 2 and 6 μm were included in the
analysis. For the mechanical measurements, images of 60 × 60 μm2

were captured at 80 × 80 pixel resolution. The force applied to each
pixel was 140 pN, and the approach speed was 30 μm/s. Image
analysis was performed using Gwyddion93 and JPK-SPM data
processing software, version 6.2.172.
Supported Membrane Indentation Assay. GPMVs suspended

in PBS containing Ca2+ and Mg2+ were placed on Mg-modified mica
(freshly cleaved mica incubated with MgCl2 solution for 2 min and
then washed with vesiculation buffer). Vesicles were imaged with a
qp-BioAC equipped with a CB3 probe with a tip radius of curvature
smaller than 10 nm (Nanosensors) in QI mode while applying 1 nN
force to cause vesicle puncture. A zoomed area was imaged in order to
find an area with a supported lipid bilayer spread on the surface.
Hundreds of force−distance curves were recorded in different
locations in each bilayer patch, and each made over a 7 × 7 grid in
a 1 × 1 μm2 area. The same analysis was performed on a control area
without a bilayer.

The obtained force curves were subjected to puncture event
analysis using functions from the scientific computing library Scipy94

(version 1.9.1). Puncture forces were obtained by finding the local
minima and maxima of each curve. A puncture was detected if the
maximum−minimum difference was above 25 pN and if the minimum
was found in the force curve region with a force above 250 pN.

To evaluate the separation between T cell and monocyte
populations by their puncture forces into an accuracy metric, a
machine learning model was applied with 3-fold cross-validation. To
address imbalance in the data, the majority group was down-sampled
to the same number of instances as in the minority group. A support
vector machine model was chosen with a radial basis function kernel.
An average accuracy of ∼70% was obtained. The scikit-learn library
for machine learning in Python was used.95

Cholesterol Depletion Assay. Cholesterol depletion was
performed as previously described.69 Briefly, 1 × 106 T cells were
treated with 1.5 or 2.5 mM methyl-β-cyclodextrin (mβCD; Sigma-
Aldrich, Cat#: M7439) and incubated at 37 °C with 5% CO2 for 15
min. Untreated cells were used as a control. Next, the cells were
washed with PBS containing Ca2+ and Mg2+. Cells were kept on ice
prior to the addition of R18-labeled EVs. Samples were imaged
immediately after EV addition in a multispectral IFC for 30 min, as
described above.
Confocal Imaging. Samples were imaged using a spinning disk

confocal (Yokogawa CSU-W1) microscope with a 50 μm pinhole
(Nikon). Images were acquired with a CFI Plan Apochromat 60× oil
objective (N.A-1.45) and DAPI and RFP filters and with an sCMOS
camera (Photometrics, PRIME − BSI). Images were collected in Z-
stack mode with 0.5 μm steps through 15−20 μm. Images were
analyzed by using ImageJ software.
Analysis of R18 Fluorescence Using Imaging Flow

Cytometry. R18 total intensity and Δxy between the R18 channel
(membranal fluorescence) and bright-field channel (cell center of
mass) from IFC were time-truncated to the lowest common time
point across all repeats and conditions (in this case, 1750 s was
selected). Subsequently, each data set was normalized to its respective
baseline median calculated over the last 100 s of acquisition. Both

steps were performed by using a MATLAB script. The resulting time-
truncated and median-normalized data sets were then 2D-binned both
in either Δxy

norm (from 0 to 20 bin centers, bin width 0.5) or total
normalized R18 intensity (from 0 to 1 bin centers, bin width 0.1) and
time (from 0 to 1800 s bin centers, bin width 100 s), and the relative
frequency was calculated for each 2D-bin cell using OriginPro
software.
Kinetic Profiles of R18 Normalized Fluorescence Intensity

and Δxy
norm. Kinetic profiles for each data set were obtained by first

filtering the obtained 2D-bin frequency matrices for any value below
random noise (estimated as the frequency corresponding to
homogeneous distribution −0.12 Δxy

norm and 0.23 for normalized
intensity), thus obtaining a filtered frequency matrix. Subsequently, a
2D-bin matrix with the median value for each cell at the same binning
interval was calculated for each data set. For each time bin center, the
weighted average of the medians of either Δxy

norm or total normalized
R18 intensity was calculated by using the filtered relative frequency
matrix as weights. The standard error for each time bin center was
calculated by using the weighted standard deviation with relative
weights for each time bin.
Statistical Analysis. For all comparisons, either a two-sample t-

test or one-way ANOVA test was performed between relative
frequencies with statistical significance p < 0.05 using a MATLAB
script.
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(93) Necǎs, D.; Klapetek, P. Gwyddion: An Open-Source Software

for SPM Data Analysis. Open Phys. 2012, 10 (1), 181−188.
(94) Virtanen, P.; Gommers, R.; Oliphant, T. E.; Haberland, M.;

Reddy, T.; Cournapeau, D.; Burovski, E.; Peterson, P.; Weckesser, W.;
Bright, J.; van der Walt, S. J.; Brett, M.; Wilson, J.; Millman, K. J.;
Mayorov, N.; Nelson, A. R. J.; Jones, E.; Kern, R.; Larson, E.; Carey,
C. J.; Polat, I.̇; Feng, Y.; Moore, E. W.; VanderPlas, J.; Laxalde, D.;
Perktold, J.; Cimrman, R.; Henriksen, I.; Quintero, E. A.; Harris, C.
R.; Archibald, A. M.; Ribeiro, A. H.; Pedregosa, F.; van Mulbregt, P.;
Vijaykumar, A.; Bardelli, A. Pietro.; Rothberg, A.; Hilboll, A.;
Kloeckner, A.; Scopatz, A.; Lee, A.; Rokem, A.; Woods, C. N.;
Fulton, C.; Masson, C.; Häggström, C.; Fitzgerald, C.; Nicholson, D.
A.; Hagen, D. R.; Pasechnik, D. V.; Olivetti, E.; Martin, E.; Wieser, E.;
Silva, F.; Lenders, F.; Wilhelm, F.; Young, G.; Price, G. A.; Ingold, G.
L.; Allen, G. E.; Lee, G. R.; Audren, H.; Probst, I.; Dietrich, J. P.;
Silterra, J.; Webber, J. T.; Slavic,̌ J.; Nothman, J.; Buchner, J.; Kulick,
J.; Schönberger, J. L.; de Miranda Cardoso, J. V.; Reimer, J.;
Harrington, J.; Rodríguez, J. L. C.; Nunez-Iglesias, J.; Kuczynski, J.;
Tritz, K.; Thoma, M.; Newville, M.; Kümmerer, M.; Bolingbroke, M.;
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