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Trichomonas vaginalis, a human-infective parasite, causes the most
prevalent nonviral sexually transmitted infection worldwide. This
pathogen secretes extracellular vesicles (EVs) that mediate its inter-
action with host cells. Here, we have developed assays to study the
interface between parasite EVs and mammalian host cells and to
quantify EV internalization by mammalian cells. We show that T.
vaginalis EVs interact with glycosaminoglycans on the surface of
host cells and specifically bind to heparan sulfate (HS) present on
host cell surface proteoglycans. Moreover, competition assays using
HS or removal of HS from the host cell surface strongly inhibit EV
uptake, directly demonstrating that HS proteoglycans facilitate EV
internalization. We identified an abundant protein on the surface of
T. vaginalis EVs, 4-α-glucanotransferase (Tv4AGT), and show using
isothermal titration calorimetry that this protein binds HS. Tv4AGT
also competitively inhibits EV uptake, defining it as an EV ligand
critical for EV internalization. Finally, we demonstrate that T. vagi-
nalis EV uptake is dependent on host cell cholesterol and caveolin-1
and that internalization proceeds via clathrin-independent, lipid
raft-mediated endocytosis. These studies reveal mechanisms used
to drive host:pathogen interactions and further our understanding
of how EVs are internalized by target cells to allow cross-talk be-
tween different cell types.

Trichomonas vaginalis | extracellular vesicles | glycosaminoglycans |
clathrin independent | lipid raft-mediated endocytosis

T richomonas vaginalis is a unicellular parasite responsible for
the most prevalent nonviral sexually transmitted infection

(STI) worldwide, trichomoniasis (1), with ∼250 million cases
reported annually. More people are infected by T. vaginalis than any
other eukaryotic pathogen, and trichomoniasis is more prevalent
than all bacterial STIs combined (2). T. vaginalis causes vaginitis,
cervicitis, urethritis, and pelvic inflammatory disease and may
lead to adverse pregnancy outcomes (3, 4). Trichomoniasis also
increases the risk of HIV transmission and has been correlated
with increased incidence and severity of cervical and prostate
cancers (5–9). T. vaginalis colonizes the human urogenital tract,
where it remains extracellular. Factors that allow the parasite to
establish and maintain an infection are poorly understood (10–13).
Toward identifying and characterizing critical processes in-

volved in host:pathogen interactions, we previously discovered
and analyzed small membrane-bound extracellular vesicles (EVs)
that are secreted by the parasite. We found that T. vaginalis EVs
deliver proteins and RNA into host cells via unknown mechanisms
and modulate parasite adherence to host cells and host cell
metabolism (14, 15). EVs produced by several parasites have
now been described to module host cell metabolism in many
ways (16–19), including the transfer of virulence factors (20),
drug resistance markers (21), and microRNAs that down-
regulate host cell proteins (22–24). Pathogen EVs have also
been shown to affect host cell proliferation (24, 25) and neuronal
metabolism (26) and to modulate host immune responses (17, 23,
24, 27–29). Additionally, mammalian EVs have been demonstrated

to play critical roles in regulating cancer, immunological, and
neurological responses (30–36).
The ability of EVs produced by one cell to affect a recipient

cell depends on the uptake and subsequent release of EV cargo
into the recipient cell. Potential mechanisms of EV uptake in-
clude clathrin-dependent endocytosis, caveolin-mediated endo-
cytosis, phagocytosis, or micropinocytosis. Limited analyses of
mammalian EV uptake by mammalian cells have been conducted
(37–39). To date, no detailed quantitative analyses of the in-
ternalization of pathogen-derived EVs have been reported.
Understanding the molecular mechanism(s) mediating the

interaction and internalization of T. vaginalis EVs by host cells is
important for understanding the role of EVs in host:parasite
communication. To this end, we have established biochemical
assays to monitor and quantify T. vaginalis EV uptake by host
cells. Using these assays, we have identified surface components
of both the host cell and the EV involved in internalization as
well as the mechanism that drives EV uptake.

Results and Discussion
Quantification of T. vaginalis EV Uptake by Host Cells. T. vaginalis
produces and secretes EVs with physical and biochemical prop-
erties similar to mammalian EVs (14, 15, 27). We previously
demonstrated that EVs from this parasite are internalized by the
host cell, resulting in modulation of host:parasite adherence and
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host cell metabolism (14). Here, we examine both host cell and
EV surface components involved in EV internalization and the
mechanism that drives uptake. We utilized 2 biochemical assays:
one that monitors host cell uptake of EVs by measuring mem-
brane lipid fusion (the R18 assay) (Fig. 1A) and a second that
measures EV soluble protein uptake (carboxyfluorescein succini-
midyl diacetate ester [CFSE] assay) (Fig. 2A).
After determining that 10 μg EVs resulted in optimal de-

tection of EV uptake, we labeled 10 μg T. vaginalis EVs from
strain B7RC2 with either R18 or CFSE. After washing to remove
unincorporated dye, labeled EVs were then incubated with
Benign Prostatic Hyperplasia-1 (BPH-1) host cells at 37 °C for
30 min, the optimal temperature and time for EV uptake (SI Ap-
pendix, Fig. S1). Cells were then analyzed for R18 or CFSE
fluorescence using a flow cytometer. Host cells incubated with
EVs were found to have between ∼39- and ∼49-fold increase in
fluorescence using the R18 or CFSE assay, respectively, com-
pared with the host cell-only control (Figs. 1B and 2B). Fluo-
rescently labeled hydrogenosomes (40, 41) were also included as
a negative control, and very low fluorescence was detected (Figs.
1B and 2B), showing that uptake is EV specific. We also visu-
alized the uptake of EVs and hydrogenosomes using fluores-
cence microscopy. As predicted, R18 or CFSE fluorescence was
visible in host cells incubated with EVs, whereas only back-
ground levels of R18 or CFSE fluorescence were observed in
host cells incubated with hydrogenosomes (Figs. 1C and 2C).
These results were confirmed quantitatively using spectro-

fluorimetry. Using fluorimetry, we also added detergent to in-
duce 100% dequenching of R18-labeled EVs, which allowed us
to calculate that ∼55% of EVs were internalized by host cells
under our assay conditions of 37 °C and 30-min incubation (SI
Appendix, Fig. S2).

Host Cell Heparan Sulfate Proteoglycans Mediate T. vaginalis EV
Internalization. Limited analyses of the uptake of mammalian
EVs by mammalian cells indicate a role for host cell glycans in
the internalization of EVs (37, 42). We, therefore, tested whether
host cell glycans affected T. vaginalis EV uptake by utilizing CHO

cell lines that either lack xylosyltransferase and do not produce
any glycosaminoglycans (GAGs; ΔGAG; cell line pgsA-745) or
lack both N-acetylglucosaminyltransferase and glucuronyltransfer-
ase activities required for heparan sulfate (HS) synthesis (ΔHS;
cell line pgsD-677) (43, 44); pgsD-677 cells do not produce HS and
produce 3 times more chondroitin sulfate than wild-type cells. The
parent wild-type K1 CHO cell line was used as a positive control.
As shown in Fig. 3A, the loss of all host cell surface GAGs reduced
EV uptake by ∼70%, and the loss of just HS reduced uptake by
∼45%. To confirm a role for heparan sulfate proteoglycans
(HSPGs) in EV uptake, we performed HS competition assays,
adding exogenous HS to EV uptake assays using BPH-1 cells.
We found a decrease in EV uptake with increasing HS concen-
trations, with ∼65% decrease in EV uptake at 20 μg/mL HS (Fig.
3B). We also enzymatically removed HS from the host cell sur-
face using 10 mU heparan lyase III and measured an ∼65%
reduction in EV uptake after 30-min incubation (Fig. 3C). To-
gether, these data establish an important role for GAGs and
HSPGs in T. vaginalis EV uptake.
It is notable that the loss of all GAGS (ΔGAG; cell line pgsA-

745) or loss of HS (ΔHS; cell line pgsD-677) does not completely
block EV update, indicating that there are likely additional cell
surface components capable of mediating T. vaginalis EV update by
host cells. HS may also be an essential coreceptor that partners with
a specific receptor yet to be defined. If HS on host cell HSPGs is
found to act in absence of a specific receptor, this would suggest a
broad tropism for human host cells capable of EV uptake not lim-
ited to epithelial cells, such as the BPH and CHO cells tested here.
We next tested whether the presence of Ca2+ affected binding

of EVs to HS. As shown in Fig. 4 A and B, EVs were loaded on
HS sepharaose in the presence or absence of Ca2+. The per-
centage of EVs in the unbound fraction and the percentage
eluted with 1 or 2 M NaCl were determined, demonstrating
that EV–HS interaction is dependent on Ca2+. We then tested
whether EV uptake is Ca2+ dependent, and as predicted, uptake
was significantly decreased in the absence of Ca2+ (Fig. 4C). To-
gether, these results indicate that HS chains on host cell HSPGs
mediate EV uptake in a charge- and density-dependent manner.

4-α-Glucanotransferases Containing Carbohydrate Binding Domains
Are Abundant Proteins in the T. vaginalis EV Proteome. Given that
host cell HSPGs were found to be involved in EV uptake, we

Fig. 1. EV uptake measured using a lipid-based assay. (A) To examine the
uptake of EVs into host cells, we used a fluorescence dequenching assay
utilizing EVs labeled with the lipophilic dye Octadecyl Rhodamine B Chloride
(R18). The uptake of labeled R18 EVs by host cells results in a decreased R18
membrane surface density and dequenching, resulting in fluorescence pro-
portional to EV uptake. R18-labeled EVs are shown with a red membrane,
and red triangles depict the fluorescence that results when R18 is diluted in
the host cell membrane during uptake. (B) T. vaginalis EVs or hydro-
genosomes (HGs) were labeled with R18 dye, unbound dye was removed by
gel filtration, and labeled EVs or HGs were incubated with BPH-1 cells for
30 min. Data shown represent themean ± SD from 3 independent experiments,
each performed in triplicate. Mean fluorescence without EV treatment =6,990.2
arbitrary units (AU), mean fluorescence with EVs treatment =271,829 AU,
and mean fluorescence with HGs treatment =34,180.2 AU. The maximal
fluorescence after incubating with labeled EVs was arbitrarily set at 100%.
*P < 0.05. (C) EV uptake was visualized using fluorescence microscopy by
incubating BPH-1 cells with R18-labeled EVs or HGs. Blue is DAPI stain, and
red is R18 dye. These images are representative of 5 images viewed under
similar condition.

Fig. 2. EV uptake measured using a protein-based assay. (A) CFSE is a
membrane-permeable dye that enters EVs and is hydrolyzed by esterases.
Activated CFSE coupled to amines on EV proteins fluoresces green, allowing
the tracking of EV proteins internalized into target cells. (B) T. vaginalis EVs
or hydrogenosomes (HGs) were labeled with CFSE dye, unbound dye was
removed by ultracentrifugation, and labeled EVs or HGs were incubated
with BPH-1 cells for 30 min. Data shown represent the mean ± SD from 3
independent experiments, each performed in triplicate. Mean fluorescence
without EV treatment =1,206.94 arbitrary units (AU), mean fluorescence
with EVs treatment =58,634.24 AU, and mean fluorescence with HGs treat-
ment =9,667.36 AU. The maximal fluorescence after incubating with labeled
EVs was arbitrarily set at 100%. *P < 0.05. (C) EV uptake was visualized using
fluorescence microscopy by incubating BPH-1 cells with CFSE-labeled EVs or
HGs. Blue is DAPI stain, and green is CFSE dye. The images are representative
of 5 images viewed under similar conditions. In all experiments, the maximal
fluorescence after incubating with labeled EVs was arbitrarily set at 100%.
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analyzed the T. vaginalis EV proteome (14) for putative membrane
proteins with carbohydrate binding domains. We found 3 highly
abundant homologous proteins (TVAG_157940, TVAG_154680,
and TVAG_222040) that share 88% amino acid identity and
contain 2 N-terminal carbohydrate binding module domains
(Carbohydrate-Binding Module 20 [CBM20] domains). These
proteins are homologs of 4-α-glucanotransferases, which have been
described in bacteria, plants, and several unicellular eukaryotes (45).
The 4-α-glucanotransferases also contain C-terminal glycosyl hy-
drolase domains. Glucanotransferases have been shown to interact
with large complex carbohydrates, and deletion of the CBM20
domains abolishes this interaction (45).

4-α-Glucanotransferase Binds HS and Competitively Inhibits EV Uptake.
To test whether the interaction of the CBM20 domain(s) of the 4-
α-glucantransferases with host cells affects EV uptake, we pro-
duced a 248-amino acid polypeptide that contains the CBM20
domains as a recombinant protein in Escherichia coli. We used
the N-terminal domain of TVAG_157940, as this protein is the
most abundant of the 3 glucanotransferases identified in the EV
proteome (14). To directly measure the binding affinity of the
CBM20 domains for HS, we used isothermal titration calorim-
etry (ITC) to measure the heat change associated with this in-
teraction. The change in heat was then integrated to obtain
thermodynamic parameters of binding. We found that injection
of HS into a solution containing the polypeptide produced strong
heat changes. With progressive injections, the heat signal de-
creased as the HS binding sites of the polypeptide became sat-
urated. As shown in Fig. 5A, we calculated that this polypeptide
binds HS with high affinity (Kd = 552 nM), whereas control

bovine serum albumin (BSA) protein was measured to bind with
a Kd = 4.44 mM.
Moreover, addition of the recombinant polypeptide in EV

uptake reactions inhibited EV internalization ∼80% (Fig. 5B).
These data define 4-α-glucanotransferases as EV ligands and
indicate that the CBM20 carbohydrate binding domain binds
to host cell HSPGs to mediate EV uptake. These analyses iden-
tify a surface protein(s) on T. vaginalis EVs that plays an impor-
tant role in the internalization of the EVs. Here, we report on
an EV ligand involved in the uptake of pathogen-derived or
mammalian EVs.

T. vaginalis EVs Are Internalized by Clathrin-Independent Lipid Raft-
Mediated Endocytosis. Studies on the mechanism(s) of EV uptake
are limited and have exclusively examined the internalization of
mammalian EVs by mammalian cells (37). Inhibition of T. vag-
inalis EV uptake at 4 °C (SI Appendix, Fig. S1) indicates that
internalization is an active process. Thus, we have examined
whether internalization occurs via phagocytosis, micropinocytosis,
clathrin-mediated endocytosis, or caveolae-dependent endocytosis
using classic methods that utilize pharmacological drugs known to
specifically inhibit these pathways (38, 46, 47).
To test whether EV uptake proceeds via clathrin-mediated

endocytosis, well-defined inhibitors of this pathway were used in
our EV uptake assays. As shown in Fig. 6, pretreatment of BPH-1
cells prior to addition of parasite EVs with these inhibitors only
marginally affected uptake. Likewise, inhibitors that block phago-
cytosis and micropinocytosis have little effect on EV uptake.
In contrast, use of chemical reagents that inhibit caveolae-

dependent endocytosis and disrupt lipid rafts dramatically re-
duced parasite EV uptake (Fig. 7A). Genistein and dynamin

Fig. 3. Host cell proteoglycans mediate EV uptake. (A) Quantification of uptake of R18-labeled EVs incubated with the wild type (WT), HS deficient (ΔHS),
and GAG deficient (ΔGAG) using flow cytometry (Left) and viewed by fluorescence microscopy (Right). These images are representative of 4 images viewed
under similar condition. (B) Exogenous HS was added at the indicated micrograms per milliliter concentrations to EV uptake assays using BHP-1 cells,
quantified using flow cytometry (Left), and viewed by fluorescence microscopy (Right). (C) Quantification of effect of enzymatic removal of HS from the host
cell surface using 10 mU heparan lyase III incubated for the indicated minutes. Data shown represent the mean ± SD from 3 independent experiments, each
performed in triplicate (A and B) and duplicate (C). Crtl, control. *P < 0.05.

Fig. 4. Effects of CaCl2 on EV uptake. (A and B) HS sepharose and R18-labeled EVs were incubated with (A) or without (B) 2 mM CaCl2, and the fraction of EVs
that did not bind in the absence of NaCl (unbound) or the presence of 1 or 2 M NaCl was quantified by fluorimetry-based assay. (C) EV uptake of R18-labeled
EVs with or without 2 mM CaCl2 was determine by flow cytometry. A significant decrease (*P < 0.05) in EV uptake was observed without CaCl2. Data shown
represent the mean ± SD from 3 independent experiments, each performed in triplicate.
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inhibitory peptide, which inhibit lipid raft-mediated endocytosis
(48, 49), blocked EV uptake by ∼90%. Filipin III, an inhibitor of
lipid raft-dependent and caveolar endocytosis, also inhibited EVs
uptake by ∼82%. To confirm the specificity of the drugs defined to
target either clathrin-mediated endocytosis or caveolae-dependent
endocytosis, we monitored endocytosis of transferrin (50) (the
model protein for studying clathrin-mediated endocytosis) and
cholera toxin B subunit (51) (a classical substrate for caveolae-
dependent endocytosis). As predicted, we found that all drugs
specifically targeted 1 of 2 pathways and not the other (SI Ap-
pendix, Figs. S3 and S4), allowing us to distinguish the endocytic
pathways used to internalize T. vaginalis EVs.
As cholesterol is essential for maintenance of caveolae-enriched

lipid rafts (52) and caveolae-dependent endocytosis is sensitive to
cholesterol depletion (53), we tested whether the cholesterol de-
pletion agent, methyl-β-cyclodextrin (MβCD), inhibited EV up-
take. As shown in Fig. 7B, pretreatment of host cells with 50 mM
MβCD blocked EV uptake by ∼90%. We confirmed that this ef-
fect was specific to depletion of cholesterol, as adding cholesterol
back to the host cells restored uptake to ∼70%. Similar results
were also obtained using fluorescence microscopy (SI Appendix,
Fig. S5). These results show that EV uptake requires cholesterol,
consistent with internalization by caveolae-dependent, lipid raft-
mediated endocytosis.

Host Cell Caveolin-1 Mediates Lipid Raft-Dependent Endocytosis of
EVs. Caveolin-1 plays a critical role in lipid raft-dependent endo-
cytosis (54, 55). We, therefore, tested whether host cell caveolin-1
affects T. vaginalis EV uptake by utilizing human embryonic kid-
ney 293 (HEK-293) cells where the endogenous level of caveolin-1
is very low (56). As shown in Fig. 8, EV uptake was reduced by
∼80% in HEK-293 cells compared with uptake by BPH-1 and K1
CHO cell lines.
To confirm a direct role of caveolin-1 in EV uptake, we

transfected HEK-293 cells with a plasmid encoding caveolin-1 and
then, selected for high levels of caveolin-1 expression. We found
an ∼75% increase in EV uptake by HEK-293 cells overexpressing

caveolin-1 compared with wild-type HEK-293 cells that express
low levels of caveolin-1 (Fig. 8). Altogether, these results indicate
that T. vaginalis EV uptake is mediated by lipid raft-dependent
endocytosis in which host cell caveolin-1 plays a regulatory role.

Summary and Conclusions
We have developed assays to study the interface between para-
site EVs and mammalian host cells and to quantify EV inter-
nalization by mammalian cells. Using these assays, we show that
T. vaginalis EVs bind HSPGs present on the surface of host cells
and that competition with HS or loss of HS from the host cell
surface strongly inhibits EV uptake. These data indicate that
HSPGs on host cells act as receptors in the first step of EV in-
ternalization. We also isolated and characterized an EV protein
that binds HS and competes for EV internalization, thus identifying
an EV ligand critical for EV uptake.
Utilizing well-defined methods, we have also shown that T.

vaginalis EVs are internalized by mammalian cells via caveolae
and lipid raft-dependent endocytosis, a demonstration of a role for
caveolin-dependent lipid raft-mediated endocytosis in the uptake
of EVs. Distinct EV uptake mechanisms might have evolved for T.
vaginalis and mammalian EVs to prevent competition and in-
terference of pathogen and host cell EVs at the site of infection.
The little known about the mechanism of uptake of mammalian
EVs by mammalian cells is consistent with mammalian EVs using
different internalization mechanisms depending on EV origin and
cell type. For example, pheochromocytoma cell-derived EVs enter
host cells via clathrin-mediated endocytosis and micropinocytosis
(38), whereas cancer cell-derived EVs are proposed to use HSPGs
as internalizing receptors (39). EVs from different pathogens and
different mammalian tissues or cancers likely use a variety of li-
gands, receptors, and internalization pathways given the physio-
logical and evolutionary diversity of EVs and their target cells.
Future analyses of the internalization of EVs from multiple or-
ganisms and tissue types will be necessary to fully understand the
mechanisms involved in EV-mediated cell:cell communication.

Fig. 5. The N-terminal fragment of 4-α-glucanotransferase binds HS and inhibits EV uptake. (A) ITC measurements of the binding of 4-α-glucanotransferase
to HS; 1 mg/mL HS was added to equal concentrations (52 mM) of the N-terminal 248 amino acids of 4-α-glucanotransferase (TVAG_157940) or BSA, and the
binding affinities were calculated using ITC at 25 °C. The raw titration data (Upper) and the integrated heat changes (Lower) are shown. Thermodynamic
parameters were obtained to calculate Kd values. The dissociation constant (Kd) was determined from 1/Ka. (B) The 248-amino acid polypeptide was added to
EV uptake assays using BPH-1 cells. Either 3.5 μg of BSA or 3.5 μg of 4-α-glucanotransferase polypeptide (Tv4AGT) was incubated with the cells to examine the
effect on EV uptake. The maximal fluorescence after incubating with labeled EVs with no added protein was set at 100%. Data shown represent the mean ±
SD from 3 independent experiments, each performed in triplicate. Ctrl, control. *Significant decrease at P < 0.05.
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These studies further our understanding of how EVs are in-
ternalized by target cells to allow cross-talk between different
cell types. Our findings also describe mechanisms used to drive
host:pathogen interactions. A better understanding of pathogen
EVs will reveal additional physiological roles of these vesicles in
infection and provide valuable insight to guide the use of EVs in
future therapeutic and vaccination strategies.

Materials and Methods
Cell Cultures and Generation of Stable Cell Lines. T. vaginalis strain B7RC2
(American Type Culture Collection [ATCC] 50167) and the BPH-1 epithelial
cell line were grown as previously described in refs. 57 and 58, respectively.
K1 CHO cells were obtained from ATCC (CCL-61). CHO mutants A745 (23a1)
and D677 (HS GAG-defective) cells (42, 43) were a gift from Jeffrey D. Esko,
University of California San Diego, La Jolla, CA. CHO cells were cultured in
F12 medium (Life Technologies, Inc.) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin (Invitrogen) at 37 °C with 5%
CO2. HEK-293 cells were cultured in Dulbecco’s modified Eagle medium with
10% FBS, 1% penicillin/streptomycin, and 1% glutamine (Invitrogen). HEK-
293 cells overexpressing caveolin-1 were obtained by transfecting HEK-293
cells at 50% confluency with 400 ng of mCherry-Caveolin-1 plasmid (Addgene
plasmid 55008) following the protocol for Lipofectamine LTX with Plus re-
agent in 50% (vol/vol) Opti-MEM/media (Thermo Fisher). Cells were trans-
fected in 6-well plates and cultured for a week with new media without
lipofectamine and washed cells before using in EV uptake experiments.

EV Isolation and Fluorescence Labeling. T. vaginalis was grown to a density of
1 × 106 cells per milliliter in Trypticase–yeast extract–maltose media, and EVs
were isolated as previously described (14). Concentration of EV protein was
quantified by using the Pierce BCA Kit (Thermo Scientific). EVs were subjected
to Octadecyl Rhodamine B Chloride (R18; Molecular Probes) and Exo-Green
CFSE (System Bioscience) fluorescent labeling according to the manufacture’s
recommendations followed by extensive washing to remove residual dye as
described previously (59, 60). Briefly, 10 μg/mL EVs were labeled with 1 μL of an
ethanolic solution of the fluorescent lipophilic probe R18 for 30 min at room
temperature in 1 mL of 2-(N-morpholino) ethanesulfonic acid (MES) buffer

(10 mMMES, pH 7.4, 145 mMNaCl, 5 mMKCl). The unbound R18 was removed
by using a Sephadex G-75 column (20 × 1 cm) equilibrated with saline buffer;
10 μg/mL EVs were labeled with 5 μL Exo-Green dye for 10 min at 37 °C in
500 μL of phosphate-buffered saline (PBS) buffer. The unincorporated Exo-
Green dye was removed by 100,000 × g for 60 min. Labeled EVs were
resuspended in PBS at pH 7.4 and stored at −20 °C.

Internalization of EVs by BPH-1 or CHO Cells. Mammalian cells (106) were
detached from culture plates using Cell Dissociation Buffer Enzyme-Free PBS
based (Life Technologies), and cells were washed and resuspended in 1× PBS
(pH 7.4). Titration of EVs using 2.5 to 25 μg/mL EVs in a 30-min reaction
showed saturation of uptake at 10 μg/mL. Therefore, 10 μg/mL R18-labeled
EVs or 10 μg/mL CFSE-labeled EVs were incubated with 5 × 104 BPH-1 or CHO
cells in 400 μL for 30 min. Mammalian cells were analyzed for R18 or green
fluorescent protein wavelength fluorescence using the LSRFortessa (BD
Biosciences) flow cytometer. BPH-1–only reactions were used as a negative
control. The percentage EV uptake was measured as the difference with
respect to initial fluorescence of host cells and expressed as percentage of
maximal fluorescence after incubating with the labeled EV. In all experi-
ments, the maximal fluorescence after incubating with labeled EVs was ar-
bitrarily set at 100%.

For fluorescence microscopy, BPH-1 or CHO cells were grown to 80%
confluency on coverslips and washedwith serum free media extensively before
adding the EVs; 10 μg/mL fluorescently labeled EVs or hydrogenosomes were
added to the cells and incubated for 2 h at 37 °C. Cells were washed twice with
PBS (pH 7.4) to remove surface-associated EVs and were then mounted with
ProLong Gold Antifade reagent with 4′,6-diamidino-2-phenylindole (DAPI)
(Invitrogen). Fluorescence was imaged using an Axio ImagerZ1 fluorescent
microscope (Zeiss) and analyzed using Zen Blue software (Zeiss).

EV Binding to HS. HS sepharose was washed with PBS buffer with or without
2 mM CaCl2 by centrifugation at 500 × g for 10 min at 4 °C. R18-labeled EVs
(10 μg/mL) were added to the HS sepharose, and mixtures were incubated at 4 °C
for 30min. Binding fractions of EV were eluted by PBS containing 1 and 2MNaCl.
Total EVs fluorescence signals of washes and elutions were recorded and cal-
culated using QuantaMaster spectrofluorimeter (Horiba) and Origin Software.

Treatment with Heparinase III and Competition with HS. To digest cell surface
HS, host cells were treated with 10 mU heparinase III (New England Biolabs)
for 30 min at 37 °C followed by extensive washing and EV uptake analysis by
flow cytometry (as described above). HS was used to compete in EV uptake
assays by incubating BPH-1 cells with R18 EVs (10 μg/mL) for 30 min in the
absence and in the presence of HS (5, 10, and 20 μg/mL) and then, analyzing
for EV uptake by flow cytometry.

Fig. 7. Effect on EV uptake by inhibitors that block caveolae-dependent
endocytosis and disrupt lipid rafts by cholesterol depletion. (A) Inhibitors
added were no inhibitor (control [Ctrl]), genistein (GS), dynamin inhibitor
peptide (DIP), and filipin (FP). The maximal fluorescence after incubating with
labeled EVs in the absence of treatment (Ctrl) was set at 100%. Data shown
represent the mean ± SD from 3 independent experiments, each performed in
triplicate. *Significant decrease at P < 0.05 vs. Ctrl. (B) Effect of cholesterol
depletion and add back: no treatment (Ctrl), MβCD (MC), and MβCD treatment
plus cholesterol added back (MCH). Data shown represent the mean ± SD from
3 independent experiments, each performed in duplicate. *P < 0.05.

Fig. 6. EVs are not internalized via clathrin-mediated endocytosis or phago-
cytosis/micropinocytosis. BPH-1 cells were pretreated with known inhibitors of
clathrin-mediated endocytosis or phagocytosis/micropinocytosis prior to addi-
tion of EV, and uptake was quantified by flow cytometry: no inhibitor (control
[Ctrl]); clathrin-mediated endocytosis inhibitors: chlorpromazine (CPM), chlo-
roquine (CQ), and monodansylcadeverine (MDC); and phagocytosis/micro-
pinocytosis inhibitors: wortmannin (WM) and cytochalasin D (CD). The maximal
fluorescence after incubating with labeled EVs in the absence of inhibitor (Ctrl)
was set at 100%. Data shown represent the mean ± SD from 3 independent
experiments, each performed in triplicate. No statistically significant difference
was observed. Fluorescence microscopy confirmed these results.
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Recombinant Protein Generation and Purification. A DNA fragment encoding
the first 248 amino acids of TVAG_157940 was generated using PCR, cloned
into E. coli expression vector pET22b, and confirmed by DNA sequencing
(61). E. coli BL21 was transformed, and protein expression was induced using
isopropyl-β-D-thiogalactoside. The His-tagged protein was then purified
by nickel-nitrilotriacetic acid agarose (Qiagen) affinity chromatography.
Purity of the protein samples were confirmed by sodium dodecyl sulfate–
polyacrylamide gel electrophoresis and Coomassie staining. Protein concentra-
tion was measured by monitoring absorbance at 280 nm on the basis of
theoretically calculated molar extinction coefficient values obtained from
the analysis of the amino acid sequences of the protein construct.

Isothermal Titration Calorimetry. ITC experiments were carried out at 25 °C
using an iTC200 instrument (MicroCal/GE Healthcare). Isothermal titration

reference cell was filled with sample buffer (10 mM Tris·HCl, pH 7.5), and
proteins solutions (52 mM) were placed in the sample cell and then, titrated
with HS (1 mg/mL) loaded in the syringe. The instrument settings were as
follows: reference power, 10 μcal s−1; initial delay, 300 s; stirring speed,
750 rpm; spacing, 180 s; injection, 0.2 μL (first injection) or 2 μL (subsequent
injections); and low-feedback mode. No change in enthalpy was detected in
control experiment (involving injecting HS in the BSA solutions). Raw data
were collected and integrated using Origin 7 software. The dissociation
constant (Kd) was determined from 1/Ka (Ka = binding constant).

Use of Inhibitors in EV Uptake Assay. BPH-1 cells were treated with chlor-
promazine (50 μg/mL), chloroquine (150 μM), monodansylcadeverine
(100 μM), wortmannin (100 nM), or cytochalasin D (5 μg/mL) in Roswell Park
Memorial Institute (RPMI) culture medium for 30 min at 37 °C to test the
effect on nonlipid raft-dependent EV internalization. Subsequently, R18-
labeled EVs were coincubated with inhibitor-treated BPH-1 cells for 30
min, and EV uptake was analyzed by flow cytometry and fluorescence mi-
croscopy as described above.

To examine the effect on lipid raft-mediated uptake of EVs, BPH-1 cells
were pretreated with Genistein (200 μM), dynamin inhibitor peptide (50 μM),
or filipin (5 μg/mL) for 30 min at 37 °C. Cells were then incubated with R18-
labeled EVs, and uptake was measured by flow cytometry and fluorescence
microscopy as described above.

To test the effect of cholesterol on EVs uptake, cells were treated for 1 h at
37 °C in RPMI with 25 mM MβCD to deplete membrane cholesterol or with
cholesterol-saturated MβCD to increase membrane cholesterol. Cholesterol-
modifying medium was removed by washing with RPMI, and cells were
assayed for uptake of R18-labeled EVs.

Uptake of Cholera Toxin B Subunit and Transferrin. To confirm the known
effects of endocytosis inhibitors on the binding and uptake of cholera toxin B
subunit and transferrin, pretreated cells were incubated with Alexa Fluor 594
conjugates of cholera toxin subunit B (1 mg/mL) or fluorescein conjugate of
human transferrin (25 μg/mL) for 30 min. Cells were then analyzed using
flow cytometry and fluorescence microscopy as described previously.

Statistical Analysis. Imaging experiments were performed in duplicate or
triplicate in at least 3 independent experiments. Results in flow cytometry, HS
binding, and fluorimetry experiments are the mean ± SD from 3 independent
experiments. Graphs were made and statistical analyses were performed
using Microsoft Excel 2010. Two-sample t tests were used to determine
significance; a P value of <0.05 was considered significant.
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