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Abstract

The focus of this review is a group of structures/organelles collectively known as extracellular vesicles (EVs) that are secreted by
most, if not all, cells, varying from mammalian cells to protozoa and even bacteria. They vary in size: some are small (100-200 nm)
and others are larger (>200 nm). In protozoa, however, most of them are small or medium in size (200400 nm). These include
vesicles from different origins. We briefly review the biogenesis of this distinct group that includes (a) exosome, which originates
from the multivesicular bodies, an important component of the endocytic pathway; (b) ectosome, formed from a budding process
that takes place in the plasma membrane of the cells; (c) vesicles released from the cell surface following a process of patching and
capping of ligand/receptor complexes; (d) other processes where tubules secreted by the parasite subsequently originate exosome-
like structures. Here, special emphasis is given to EVs secreted by parasitic protozoa such as Leishmania, Trypanosoma,
Plasmodium, Toxoplasma, Cryptosporidium, Trichomonas, and Giardia. Most of them have been characterized as exosomes that
were isolated using several approaches and characterized by electron microscopy, proteomic analysis, and RNA sequencing. The
results obtained show clearly that they present several proteins and different types of RNAs. From the functional point of view, it is
now clear that the secreted exosomes can be incorporated by the parasite itself as well as by mammalian cells with which they
interact. As a consequence, there is interference both with the parasite (induction of differentiation, changes in infectivity, etc.) and
with the host cell. Therefore, the EVs constitute a new system of transference of signals among cells. On the other hand, there are
suggestions that exosomes may constitute potential biotechnology tools and are important players of what has been designated as
nanobiotechnology. They may constitute an important delivery system for gene therapy and molecular-displaying cell regulation
capabilities when incorporated into other cells and even by interfering with the exosomal membrane during its biogenesis, targeting
the vesicles via specific ligands to different cell types. These vesicles may reach the bloodstream, overflow through intercellular
junctions, and even pass through the central nervous system blood barrier. There is evidence that it is possible to interfere with the
composition of the exosomes by interfering with multivesicular body biogenesis.
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characterized and described in all cell biology textbooks.
Although structures such as exosomes, ectosomes, cytonemes,
and nanotubes have been observed for many years, only more
recently, they have been recognized as participating in cell-to-
cell communication processes. Until recently, the participation
in communication was usually considered to take place exclu-
sively in gap junctions and in secretory processes in which the
mediators are released in the vicinity of the receptors, such as
those involved in neuron-to-neuron, neuron-to-muscle cell syn-
apses or at long distances via the action of hormones. Structures
that correspond to membrane-bounded vesicles of different
sizes secreted by parasitic protozoa will be the focus of this
review. Although vesicles can also be secreted by the host cells,
especially in those infected by parasites that live within the cell,
here, we will emphasize more the vesicles secreted by the pro-
tozoa. However, a few examples of secretory activity of the
host cells will be presented.

Early studies carried out by Pan working group (Pan and
Johnstone 1983, Pan et al. 1985) using reticulocytes demonstrat-
ed that inward budding of endosomal membranes resulted in the
accumulation of intraluminal vesicles within large
multivesicular bodies (Fig. 1). Some of these bodies migrate to
the periphery of the cell followed by subsequent fusion with the
plasma membrane and release of the vesicles into the extracel-
lular space; these vesicles were then designated as exocytic
multivesicular bodies and later on as exosomes (review in
Mathivanan et al. 2010). Subsequently, it has been shown that
vesicles with different diameters (varying from 80 to 400 nm
and even more) can be found in the extracellular space and it
was recently suggested to designate them as extracellular

Fig. 1 First observations of
extracellular vesicles and
multivesicular bodies used for
externalization of transferrin
receptors in reticulocytes. a A
vesicular appearance of released
antibody-labeled reticulocyte
magnification material: 123000g
(Pan and Johnstone 1983). b
Intracellular localization of
multivesicular body magnifica-
tion x 85,000 (Pan et al. 1985). ¢
Fusion of MVEs with the plasma
membrane magnification: X
98,625 (Pan et al. 1985)
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vesicles (EVs) (Witwer and Théry 2019). They were found
around cells as well as in all biological fluids (Nieuwland et al.
1997). Based on studies carried out by several groups, it is now
clear that different types of membrane-bounded vesicles exist in
different cell types, probably formed by different mechanisms.

One of them is formed when vesicles are released by cyto-
plasmic multivesicular-like bodies (MVB) that fuse with the
plasma membrane and discharge their vesicular content into
the extracellular space. This type of vesicle, whose diameter is
in the range of 30 to 130 nm, is presently known as an exosome.
It is important to point out that the word “exosome” is also used
to designate a large multi-subunit complex that post-
transcriptionally regulates gene expression via degradation of
mRNAs (Lorentzen and Conti 2006). On the other hand, some
vesicles are formed by association of some macromolecular
complexes with the inner face of the plasma membrane that
leads to membrane budding and vesicular release outside the
cell via a mechanism resembling the process by which viral
budding occurs. These vesicles have been designated as
ectosomes. Another type corresponds to vesicles that are
shedded as a final step of the process of capping of surface
ligands, that occurs in free cells such as lymphocytes and other
cells, including parasitic protozoa such as Entamoeba histolytica
(Trissl et al. 1977) and Trypanosoma cruzi (Schmunis et al.
1980) following ligand-receptor binding and mobility.

Structures similar to exosomes and shedding vesicles are
also found in Gram-negative bacteria, eukaryotic parasites,
and fungi (reviewed in Silverman and Reiner 2011). The re-
leased vesicles seem to play some role in the process these
organisms interact with the host.
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All of the abovementioned vesicles are represented in sche-
matic Fig. 2.

The Ectosomes

The existence of extracellular vesicles found in human plasma
and derived from the plasma membrane of platelets was ini-
tially reported by Wolf in 1967 and since then has been re-
ported in several other biological systems (Review in Frey and
Gaipl 2011). The term ectocytosis was coined by Stein and
Luzio (1991) to describe a complement-triggered shedding of
right-side-out plasma membrane vesicles derived from the
surface of polymorphonuclear leukocytes. The formation of
these vesicles is in some way similar to that reported for the
outer membrane of Gram-negative bacteria, a process that
seems to be involved in the mechanism by which virulence
factors can be released and transmitted to other bacteria
(Vidakovics et al. 2010). Ectosome formation may involve

Fig. 2 Schematic of the major
types of secretory extracellular
vesicles. a Transmission electron
microscopy (MET) of the extra-
cellular release of exosomes (Pan
etal., 1981). b TEM of
multivesicular body (note vesicles
in the interior). ¢ TEM of the ini-
tial stage of microvesicle bud-
ding. d TEM of the intermediate
stage of budding microvesicles. e
TEM of the late stage of
microvesicle budding

participation of cytoskeletal components associated with spe-
cific regions of the plasma membrane’s cytoplasmic face.
Upon stimulation, a protrusion of the membrane forms in a
process resembling viral particle budding with concurrent en-
richment of cholesterol and diacyglycerol on the ectosome
membrane, thus indicating a specific sorting of lipids
(review in Sadallah et al. 2011). The released vesicles may
contain physiologically active effectors that play important
roles in a variety of biological processes such as inflammation,
hemostasis, thrombosis, angiogenesis, cancer, and vascular
reactivity (review in Sadallah et al. 2011). Theoretically, these
vesicles may vary significantly in size from 200 to 1 pm.

The Exosomes

These are extracellular vesicles, usually with a uniform size
(Kastelowitz and Yin 2014) originated from the endocytic
pathway of the cell. The biogenesis of an exosome consists
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of four stages: (1) initiation (selection of molecules such as
nucleic acids, proteins, and others); (2) endocytosis (invagina-
tion of plasma membrane); (3) MVB formation (formed
through early endosome maturation); and (4) secretion
(Théry et al. 2002). With respect to this process, it has been
well established that in addition to the classical secretory path-
way that is constitutive and regulated upon appropriate stim-
uli, the endocytic network also presents an alternative secre-
tory pathway (reviewed in Van Niel et al. 2006; Schorey and
Bhatnagar 2008). There is always involvement of MVBs,
considered as intermediate and well-defined compartments
that are formed when invagination of the membrane lining
the endosome takes place. The inward budding of the endo-
some membrane generates the accumulation of nanovesicles
(30-150-nm diameter) inside the late endosome subset of
MVB (Huotari and Helenius 2011). This process happens in
at least two situations: (1) when ubiquitination of endosomal
proteins occurs (Katzmann et al. 2004) or (2) when membrane
proteins undergo agglutination induced by binding to some
ligands (Vidal et al. 1997; reviewed in Piper and Katzmann
2007). In both cases, the participation of the endosomal
sorting complexes required for transport (ESCRT) machinery
is important for endosomal membrane invagination (Hurley
2008; Hurley and Hanson 2010). Recently, an ESCRT-
independent pathway involving ceramides and the neutral
sphingomyelinase 2 has also been characterized (Bissig et al.
2013). Remarkably, another sphingomyelinase, the acid
sphingomyelinase, is involved in exosome formation follow-
ing translocation of the enzyme to the plasma membrane outer
leaflet at which point it generates ceramides that trigger
microvesicular budding (Bianco et al. 2009). It is important
to point out that in most of the cases, the MVBs fuse with the
lysosomes and thus, an MVB’s cargo is then degraded. In
other situations, however, the MVB fuses with the plasma
membrane, thus releasing the exosomes (Denzer et al. 2000).
The fusion process may be triggered by calcium ionophores
(review in Lakkaraju and Rodriguez-Boulan 2008), may be
regulated by p53, and may be under the control of the cyto-
skeletal activation pathway. The MVBs move along the mi-
crotubules via a dynamic cholesterol-regulated process
(Huotari and Helenius 2011). Although exosomes are formed
from the MVBSs’ intraluminal vesicles, there are some differ-
ences between them. Intraluminal vesicles are generated in an
acidic pH environment (pH 5.5) inside the MVB, and they are
then released into a neutral pH environment to become
exosomes. Such a pH variation might affect their membrane
organization because it has been shown that the membrane
rigidity of exosomes increases between pH 5 and 7
(Laulagnier et al. 2004).

The available data indicate that exosomes are secreted by a
large number of cells into culture medium in vitro, interstitial
fluids, urine, milk, and even in snake venom (Ogawa et al.
2008a, b).
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In relation to the strategies applied for detecting and isolat-
ing exosomes, a lot of techniques are utilized: (1) transmission
electron microscopy, (2) ultracentrifugation, (3) density-
gradient separation, (4) immunoaffinity capture (Greening
et al. 2015), and (5) microfluidic systems (Yang et al. 2017).
Based on the small size and low density of exosomes, ultra-
centrifugation is the most developed and commonly used
method for their isolation. This technique employs an exceed-
ingly high centrifugal force, which can reach 100,000g, in
order to precipitate subcellular components or even macro-
molecules. However, it is very time-consuming, and the
resulting exosome purity is poor (Momen-Heravi et al.
2013). As technology improves, new separation techniques
such as sequential filtration have emerged (Heinemann and
Vykoukal 2017). Considering the importance of exosomes, a
low-cost, hypersensitive, and simple detection method is de-
sirable. Relatively new stochastic techniques for exosome de-
tection include photoactivated localization microscopy
(PALM) or stochastic optical reconstruction microscopy
(STORM). PALM and STORM are based on single-
molecule localization to track exosomes, which can be ob-
served down to the nanometer level and allow for the visual-
ization of intracellularly incorporated exosomes (Chen et al.
2016).

Exosomal protein and nucleic acid contents have been
studied in detail. Isolated extracellular vesicles have been an-
alyzed using different techniques, including mass spectrome-
try. Several proteins such as tetraspanin 29 and 30, Rabs,
annexins, adhesion molecules, cytoskeletal proteins, and
many others have been identified and compiled in the
ExoCarta consensus database (Keerthikumar et al. 2016).
Rab 27A and B guanosine triphosphatases (GTPases) have
been involved as exosome effector proteins (reviewed in
Pfeffer 2010). More importantly, it has been shown that
exosomes produced by mast cells contain about 1300
mRNAs and 121 microRNAs but are without DNA or
rRNA (Valadi et al. 2007). Circular RNAs, a type of non-
coding RNAs with a closed annular structure, have also been
found in exosomes. There are more than 3000 kinds of such
RNAs that are located in the cytoplasm and the nucleus (Hou
et al. 2018).

In relation to lipid composition, it is known that the mem-
brane of the exosomes is rich in cholesterol,
phosphatidylserine, and ceramide (Yanez-Mo et al. 2015).
The exosomes also present a defined repertoire of glycans,
including sialic acid residues that play some role in their rec-
ognition by the cells (reviewed in Williams et al. 2018).

It has been shown that once released into the extracellular
space, the exosomes may bind to the surface of cells and fuse
with it (Raposo et al. 1996; Morelli et al. 2004) with subse-
quent opening of the vesicle inside the target cell or degrada-
tion of the exosome membrane (review in Record et al. 2011).
Using exosomes containing CD63 that was fused to either



Parasitol Res (2020) 119:2005-2023

2009

green fluorescent protein (GFP) or the red fluorophore
mCherry, it has been shown that they are quickly incorporated
by endocytosis that occurs at the base of filopodia
(Heusermann et al. 2016). This incorporation was preceded
by surfing on the filopodia. Costa-Verdera et al. (2017) dem-
onstrated that exosomes are incorporated by endocytosis,
using predominantly clathrin-independent endocytosis path-
ways and macropinocytosis. After internalization, exosomes
are transported as intact vesicles within endosomes and then
move toward the lysosomes. They may also fuse with the
plasma membrane releasing their contents into the cytosol.
They may also move along the ER before reaching the lyso-
somal compartments. It has even been considered that
exosome traffic shares mechanisms similar to those presented
by some viruses. This possibility demonstrates a novel mode
of communication between cells in addition to other well-
characterized structures such as synapses and gap junctions.
For instance, it was shown that incubation of human cells with
exosomes from mouse cells led to synthesis of mouse proteins
from the mRNAs present in the exosomes. This indicates a
process of horizontal gene transfer (Valadi et al. 2007; review
in Lakkaraju and Rodriguez-Boulan 2008; Izquierdo-Useros
etal. 2011). It has also been shown that exosomes content can
be modified by the cell response to stimuli. Tumor virus
Karposi’s sarcoma—associated herpesvirus hijacks the signal-
ing pathway to induce cell proliferation, migration, and tran-
scriptome reprogramming in cells not infected with the virus
through the release of exosomes with different content
(McNamara et al. 2019). In relation to metabolic regulation,
exosomes contribute to cell—cell and inter-organ communica-
tion, and the transfer of miRNAs has been particularly
highlighted in cellular signaling. Exosomes have been strong-
ly implicated in the communication between key metabolic
organs during metabolic homoeostasis, and dysregulation
seems to be important for the cross-talk between adipocytes
and insulin resistance regulation (reviewed by Samuelson and
Vidal-Puig 2018). It has been shown that viruses, prions, and
other infectious materials can be transmitted from one cell to
the other via the exosomes (Van Niel et al. 2006; Février and
Raposo 2004; Pelchen-Matthews et al. 2004; Meckes Jr et al.
2010). They also act as vectors for mRNAs, miRNAs, viru-
lence factors, and different types of mediators (reviews in
Record et al. 2011; Silverman and Reiner 2011). One good
example of the role played by exosomes in RNA transfer was
reported in a recent study by Bukong et al. (2014). They dem-
onstrated that exosomes isolated from the sera of chronic hep-
atitis C virus (HCV)-infected patients or supernatants of HCV-
infected cells containing HCV RNA could mediate viral
receptor-independent HCV transmission to hepatocytes.
These authors also showed that HCV transmission was sup-
pressed by some cellular proteins such as heat shock protein
90 (Hsp90) that inhibited proteins and vacuolar H*-ATPases,
both of which significantly suppressed exosome-mediated

HCV transmission to naive cells. More recently, Zhou et al.
(2018) showed that flavivirus RNA and proteins can be trans-
ferred via exosomes from tick arthropods to human-skin
keratinocytes and blood endothelial cells. The available data
indicate that virtually all cells can produce exosomes. A good
example is what happens in the male reproductive system
where studies carried out from insects to man show the pres-
ence of exosomes in the prostate secretion. For instance, it has
been shown that prostate-derived exosomes promote motility
during sperm capacitation (see Alberts et al. 2015) and matu-
ration (Sullivan R and Saez 2013). More importantly in the
context of this short review, it has been shown that the
exosomes fuse specifically to the head—neck region of the
sperm. In the case of Drosophila, secreted exosomes fuse with
sperm in vivo in females after mating and also interact with
female reproductive tract epithelial cells (Corrigan et al.
2014). Fu et al. (2017) showed that exosomes secreted by
virally infected cells selectively packaged high-level miR-
146a. This miR can be functionally transfected to and facili-
tate exosomal RNA replication in the recipient cells by sup-
pressing interferon response. Since exosomes play a pivotal
role in mediating intercellular communications and package
delivery and can act as diagnostic biomarkers, some research
groups have discussed the possibility of these exosomes act-
ing as possible drug delivery vehicles based on their nanome-
ter size range and capability to transfer biological materials to
recipient cells. This is because the unique biocompatibility,
high stability, and adjustable targeting efficiency can make
exosomes an attractive and potentially effective tool for drug
delivery mainly in cancer therapy (reviewed Kibria et al.
2018).

Exosomes can be released from different regions of the cell
surface, including the basolateral region, as has recently been
shown in lymphatic endothelial cells (Brown et al. 2018). The
extent of exosome secretion can be stimulated in the presence
of inflammatory cytokines. Exosomes from both dendritic and
B cells express both major histocompatibility class (MHC)
class I and Il molecules in addition to costimulatory molecules
that can promote T cell activation (Chaput et al. 2006;
Bhatnagar et al. 2007).

Recent studies have suggested that exosomes are potential-
ly interesting in regenerative medicine and may constitute a
platform for membrane-associated therapeutics protein deliv-
ery (Keshtkar et al. 2018; Yang et al. 2017). It has been shown
that mesenchymal stem cell-derived exosomes show
renoprotective effects in kidney injury models probably due
to activation of tubular cell proliferative pathway via horizon-
tal transfer of mRNAs (Bruno et al. 2016). The same trend has
been reported for cardiovascular and neurological diseases
(reviewed in Keshtkar et al. 2018).

Another interesting approach is the expression of mem-
brane proteins on the surface of exosomes during their bio-
genesis. Examples include expression of epidermal growth
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factor receptor (EGFR) on vesicles that allow transfer of on-
cogenic activity by activating signaling pathways (reviewed in
Yang et al. 2017).

EVS in parasitic protozoa

The first data inferring the release of microvesicles by proto-
zoan parasites date from 1912 (Schepilewsky 1912) where
“appendices” were observed in 7. brucei. Posteriorly,
Silveira et al. (1979) demonstrated the secretion of plasma
membrane vesicles by 7. cruzi epimastigote forms.
However, up to the moment of these descriptions, these vesi-
cles were not known as exosomes and so few functions were
assigned to them. A landmark paper on the presence of
exosomes in parasites was published by Silverman and
Reiner (2011) with Leishmania donovani. Posteriorly, a lot
of papers demonstrate the same biological event with another
parasitic protozoa. Below, the main findings regarding the
discovery and studies in the most distinct disease caused by
protozoa are reported (Table 1).

Leishmania sp.

Currently, it is known that exosomes from L. mexicana,
L. donovani, L. major, and L. braziliensis have been shown
to play a crucial role in host—pathogen interactions inducing
modifications in non-infected neighboring cells or acting as
antigen presenters for the immune system (Schorey et al.,
2015). However, as mentioned above, studies demonstrating
the participation of EVs in this protozoan date back to 2010
(Silverman et al. 2010). In some way, previous studies carried
out with the pathogenic fungus Cryptococus neoformans
(Rodrigues et al. 2008) and the free living nematode
Caenorhabditis elegans (Liégeois et al. 2006) inspired
Silverman and co-workers to further explore the initial finding
that only 14% of the proteins detected in the secretome of
Leishmania donovani contained an N-terminal classical secre-
tion signal peptide (Silverman et al. 2008). Proteomic analysis
of'the secretome showed that all proteins for which there was a
Leishmania ortholog resembled those previously identified in
B lymphocyte-secreted exosomes (Silverman et al. 2008).
Using differential centrifugation, they isolated a fraction con-
taining exosomes with a diameter of 30 to 70 nm, specific
density of 1.08 to 1.15 g/ml, and exosomal markers such as
HSP70 and 90 and elongation factor-1x. Over 400 proteins
were identified by liquid chromatography-tandem mass spec-
trometry and around 52% of them were mammalian exosomal
protein orthologs. Analysis of the temperature and pH effects
on exosomal release showed that exosomal release increased
significantly in response to temperature elevation. However,
the acidic environment did not influence bulk exosomes re-
leased at 37 °C but affected vesicular cargo. It is important to
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point out that the proteins found in the exosomes account for
about 52% of the total proteins found in the protozoan
secretome, thus indicating the relevance of the process in the
case of Leishmania. The seminal work by Silverman et al.
(2010) also analyzed potential functional exosome roles dur-
ing Leishmania interactions with host cells. First, using para-
sites expressing GFP, it was found that they secrete labeled
exosomes. Incubation of labeled parasites with macrophages
showed the presence of parasites within the cells in addition to
exosome incorporation by non-infected macrophages. A ring
of actin was observed by fluorescence microscopy around the
ingested exosomes. Labelling of non-infected cells gradually
disappeared probably due to protein degradation. Based on
electron microscopy images, it was suggested that vesicles
presented the same morphology as budded exosomes from
the phagolysosomal membrane of internalized Leishmania
(Silverman et al. 2010). However, this needs to be proven
since exosomes are not usually released into the cytoplasm,
and it is not possible to discard the possibility that the images
correspond to areas of lysosomal fusion with the
parasitophorous vacuole. Based on the data obtained by
Silverman et al. (2010), it was suggested that Leishmania
“uses exosomes to deliver molecular messages to infected as
well as neighboring uninfected macrophages.” The same au-
thors also showed that macrophages that were allowed to in-
teract with exosomes secreted IL-8 in a dose-dependent man-
ner as observed when the cells were infected with parasites;
this finding indicated that the exosomes may modify specific
cytokine profiles of treated macrophages. This is an important
observation since it may have implications in the leishmania-
sis pathogenesis. IL-8 release may lead to neutrophil recruit-
ment to the site of infection (Peters and Sacks 2009). It is
important to point out at this point that Silverman et al.
(2010) performed the experiments using mainly L. donovani
but also observed exosomes in Leishmania major. In addition,
they mention that RNAs were detected in the Leishmania
exosomes. Using macrophages infected with L. mexicana,
Hassani and Olivier (2013) isolated released vesicles and
identified the presence of parasitic zinc metalloprotease,
GP63, in the vesicles. It was also shown that GP63-
containing vesicles induced phosphorylation of signaling pro-
teins in addition to transcription factor translocation into the
host cell nucleus. More recently, Ghosh et al. (2013) reported
that exosomes secreted by L. donovani caused a reduction in
miR-122 activity in hepatic cells. miR-122 is a microRNA
abundantly expressed in the liver that comprises >70% of
the liver microRNA pool and is largely responsible for liver
homeostasis and lipid metabolism, modulating a wide range
of liver functions. L. donovani infection downregulates miR-
122 and genes involved in cholesterol biosynthesis in infected
mice livers in order to reduce serum cholesterol. On the other
hand, Leishmania mettaloprotease gp63, a component of the
Leishmania exosomes, is internalized and cleaves Dicerl
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Table 1 Microvesicles by protozoan parasites
Parasite Origin of the Markers used Size Function Reference
microvesicle (in nm)
L. donovani Parasite Hsp70/Hsp90 30-70 Inhibit immune response of macrophage Silverman et al. 2008
and dendritic cells
L. mexicana Infected host cell Gp63 40-100 Modulate immune response and Hassani and Olivier 2013
promote parasite survival
L. mexicana Parasite CPN10 Gp63 40-1000  Modulate immune response and Hassani et al. 2011
promote parasite survival
L. major Parasite Hsp70/Hsp90/ef 1 300-70 nm Immune modulation, exacerbation of  Silverman et al. 2010
infection and exosome formation
L. infantum Parasite Hps70-Hsp83/90 115-180 Increase macrophages motility and Castelli et al. 2019
modulation of immune response
T cruzi Parasite Gp85 20-80 Promote metacyclogenesis Gongalves et al. 1991
Ssp4 100200 (differentiation of epimastigote to the Florentino et al. 2018
trypomastigote), induce changes in
the expression profiles of some genes,
disruption of signaling pathway and
host cytoskeleton
T brucei Parasite ESCRT 300 Play an important role in pathogenic Eliaz et al. 2017
processes and parasite nutrient
supply, modulate rRNA, snoRNA,
and mRNA processing, quality
control, and parasite motility
P, falciparum Host cell Arf6 100400  Induces gametogenesis Mantel et al. 2013
Vps4
Proteins of Maurer cleft
P, falciparum Parasite 70 nm PfPTP2 Reduce cell—cell communication Regev-Rudzki et al. 2013
PfEMP1
P, yoelli Host cell Cd401 56.8 nm Immune system modulation Martin-Jaular et al. 2011
Cdc133
T gondi Infected host cell Hsp70/annexin proteins Induce protective immunity against Wowk et al. 2017
T. gondii infection
T gondii Parasite CD63, Hsp70, P30 10-150 Induce protective immunity against Lietal. 2018a
T. gondii infection
Trichomonas vaginalis Parasite Tsps proteins 50-100 Facilitate invasion and modulate host ~ Twu et al. 2013
inflammatory activation
Giardia intestinalis Parasite Cd25 60to 150  Facilitate adhesion of the protozoan to  Evans-Osses et al. 2017

epithelial cells

preventing an active formation of miRNP that culminates in
the inhibition of mR122. The authors suggested that exosomes
released by infected liver Kupfer cells could be transferred to
hepatocytes where they could act on Dicerl. Since the resto-
ration of Dicerl expression in parasite-infected livers rescues
miR-122 expression and reduces liver parasite burden, these
factors are estimated to be related to Leishmania infectivity
(Ghosh et al. 2013).

L. donovani internalization and intracellular survival in hu-
man macrophages are dependent of a Leishmania chaperonin
10 (CPN10), which is secreted in exosomes. This chaperonin
is found in host cell cytosol and negatively regulates the rate
of parasitic uptake by macrophages while being required for
intracellular survival. Due to this dual function, it is believed it
may have immunosuppressive properties (Colineau et al.
2017). Also, involved in intracellular survival is a tyrosine
phosphatase secreted by exosomes of L. major (LmPRL-1).
This enzyme shows a strong structural similarity to the human

phosphatases of regenerating liver (PRL1, PRL 2, and PRL 3)
that regulate the proliferation, differentiation, and motility of
cells (Leitherer et al. 2017). More recently, Castelli and
colleagues (2019) observed that amastigotes and
promastigotes of L. infantum are capable to produce and se-
crete EVs with different sizes (122 + 56 nm promastigotes and
115 £ 65 nm amastigotes). However, both types are capable to
increase human macrophages motility and an overproduction
of interleukin IL-10 and IL-18 reduction in the same macro-
phages line. Motility of immune human cells is important to
initiate and spread of infection, since macrophages are
recruited to site of infection. With this modulation of
chemostatic and immune system, it is believed that
exosomes can be used to establish the infection. Atayde
et al. (2015) demonstrated that Leishmania constitutively se-
crete exosomes in the lumen of the sand fly midgut. More
interestingly, these exosomes are ingested together with the
infective promastigotes during insect bite. It was also shown
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that exosome’s presence exacerbated the lesions, probably due
to increase in production of inflammatory cytokines such as
interleukin (IL)-17a. Figure 3 is a representation of exosomes
released by Leishmania promastigotes and amastigotes.

Trypanosoma cruzi

In the case of Trypanosoma cruzi, studies carried out by
Schmunis et al. (1980), using transmission electron microsco-
py, were the first to show the presence of vesicles shed from
bloodstream trypomastigotes. This phenomenon was ob-
served in the process of capping of antigen-antibody com-
plexes where parasites were incubated with serum-
containing antibodies that recognize parasite antigens exposed
on the cell surface. It is important to point out that such pro-
cesses were not observed with epimastigotes. Later on,
Gongalves et al. (1991) reported the release of small (20—
80 nm) vesicles, equivalent to what has been designated as
exosomes, throughout the surface of tissue culture-derived
trypomastigotes (those obtained in the supernatant of infected
cell cultures). Labelling for Tc85 (a member of the superfam-
ily gp85-trans sialidases that is anchored to the plasma mem-
brane via GPI-anchors) was observed in these vesicles using
an immunocytochemical approach in which gold-labeled an-
tibodies were used. In addition, these vesicles were isolated by
centrifugation and molecular sieving and were shown to con-
tain GP85. They were subsequently injected into mice follow-
ed by a T cruzi challenge. An increase in parasitaemia with
subsequent exacerbation of heart lesions and inflammation
was reported (Torrecilhas et al. 2009). Recently, de Pablos-
Torr6 and colleagues (Pablos Torro6 et al. 2018) suggested that
extracellular vesicles secreted by 7. cruzi can be responsible
for parasite—parasite and parasite—host cell transmission of
cellular components (proteins, RNAs) through paracrine

Fig. 3 Exosomes released by
promastigotes (a) and amastigotes
(b) from Leishmania donovanii in
extracellular environment
(Silverman et al. 2008) and intra-
cellular environment (c—e). ¢
TEM demonstrating the release of
vesicles by intracellular
promastigotes in the macrophages
parasitoid vacuole; d and e arrows
indicate the release of exosomes

and/or juxtacrine signaling, since they develop in a compart-
mentalized environment, increasing the likelihood of EV
docking and delivery within the host cell. Further analysis in
epimastigotes by Garcia-Silva et al. (2010a, b) showed the
presence of a homogenous population of small RNAs derived
from mature tRNAs that accounted for about 25% of the small
RNA population in 7. cruzi. The levels of these tRNA-derived
halves (tsSRNAs) were more pronounced if the epimastigotes
were submitted to nutritional stress, which usually triggered
differentiation into infective trypomastigotes. It is important to
point out that the tsSRNAs were localized using an in situ
hybridization approach to an organelle with morphological
characteristics similar to reservosomes (Garcia-Silva et al.
2010b). The reservosomes had been previously shown to ac-
cumulate macromolecules ingested through the endocytic
pathway in addition to some proteases, especially cruzipain,
synthesized by the parasite (review in De Souza et al. 2009).
Subsequently, co-localization studies showed that tsSRNAs
were localized in clathrin-associated organelles and with the
T’ cruzi argonate protein TcPIWI-tryp in uncharacterized cy-
toplasmic and in Golgi-like vesicles (Garcia-Silva et al. 2013).
When epimastigotes were submitted to nutrient starvation,
vesicles were released from reservosome-like structures that
touch the cytoplasmic face of the plasma membrane. These
vesicles presented a diameter of 20 to 200 nm. Two classes of
vesicles, possibly exosomes and ectosomes, have recently
been analyzed in more detail (Bayer-Santos et al. 2013).
They carry small tRNAs and TcPIWI-tryp proteins. In addi-
tion, they are internalized by other parasites of the same pop-
ulation, thus suggesting that at least tRNA-derived small
RNAs can be transferred from one parasite to another one.
The vesicles also positively interfered with metacyclogenesis
in vitro, a process in which epimastigotes transform into
trypomastigotes. The vesicles can also be incorporated by

from promastigotes into the cyto-
plasm of macrophages
(Silverman, 2011)
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mammalian cells susceptible to 7. cruzi infection. Their incor-
poration via electroporation by cells that usually are not in-
fected with 7. cruzi such as K562 cells renders them suscep-
tible to infection. In addition, incorporation of the vesicles by
mammalian cells led to changes in gene expression as
assessed by microarray assays. A large set of genes in HelLa
cells were differentially expressed upon incorporation of
T cruzi-derived extracellular vesicles. The elicited response
caused mainly a modification of host cell cytoskeleton, extra-
cellular matrix, and immune responses pathways. Some genes
were also modified by the most abundant tRNA-derived small
RNAs included in extracellular vesicles. These data suggest
that 7. cruzi-secreted EVs could be relevant players in early
events of the parasite—host cell interplay. Several studies have
implicated secreted vesicles in the process of genetic informa-
tion (such as miRNAs and mRNAs) and protein delivery be-
tween cells, rendering them important components of the pro-
cess of cell-to-cell communication (Ogawa et al. 2008a, b).
Exosomal mRNAs and microRNAs were completely func-
tional in recipient cells, thus playing pivotal roles in cell-to-
cell communication (Van Niel et al. 2006). We can then spec-
ulate that extracellular vesicles and their cargo could represent
a route of intercellular communication delivering “molecular
messages” to other cells. This 7. cruzi-facilitated intercellular
communication aimed at inducing coordinated responses in
order to assure parasite survival through both the emergence
of infective forms and the establishment of a cellular environ-
ment able to facilitate infection. This idea is further supported
by the observation that 7. cruzi trypomastigotes invade 5-fold
as many susceptible cells when these are pre-incubated with
purified parasite EVs (Ramirez et al. 2017). Recently, it was
shown that extracellular amastigotes of 7. cruzi also release
100-200 nm vesicles to the extracellular medium and they
associate to each other forming “vesicle trays” (Bonfim-
Melo et al. 2018) that present the carbohydrate epitope recog-
nized by a monoclonal antibody specific to the carbohydrate
component of Ssp-4, an important protein of the cell surface of
amastigotes (Florentino et al. 2018). The secreted vesicles
were isolated from the medium by ultracentrifugation
(Bayer-Santos et al. 2013). It is important to point out that
Ssp4 is also released in a free form. However, the vesicles
are secreted mainly at sites of 7. cruzi amastigotes-host cell
interaction that appears as a phagocytic cup (Barros et al.
1996; Bonfim-Melo et al. 2018). It was also reported that
amastigotes living in a parasitophorous vacuole containing
Leishmania amazonensis also release EVs (Pessoa et al.
2016).

Bayer-Santos et al. (2014) isolated vesicles from 7. cruzi
epimastigotes and metacyclic trypomastigotes from the
Dm28c strain and showed that they contained a wide variety
of RNA molecules, including rRNA, mRNAs, and small
RNAs. They also found differences in composition between
vesicles isolated from the two developmental stages of

T. cruzi. For instance, while tRNA comprised 35% of all small
RNAs from epimastigotes, this percentage was only 6.5% in
bloodstream trypomastigotes.

On the other hand, Nogueira et al. (2015) confirmed the
release of vesicles by trypomastigotes of four different 7" cruzi
strains (Y, Colombiana, CL-14, and YuYu) and found that
YuYu parasites released more vesicles than the other strains.
These vesicles were richer in proteins, while those from the Y
strain showed more alpha-galactosyl containing
glycoconjugates. Differences in the ability of the vesicles from
different strains to induce innate and chronic immune re-
sponse have been reported.

The available information indicates that all strains of
T’ cruzi release EVs (exosomes). However, they seem to differ
from each other. For instance, trypomastigotes from the clas-
sic CL Brener and Colombia strains produced a low amount of
vesicles when compared with parasites of the G, Sylvio X10/
6, and Y strains (Wyllie and Ramirez 2017). These authors
also showed that differences exist in the extent of vesicular
release during the interaction of metacyclic trypomastigotes of
different strains with host cells. They compared strains that
present differences in susceptibility to complement-mediated
lysis such as the G strain (Tcl), which is very sensitive, and the
Y strain (Tcll), which is resistant. Vesicles released during the
interaction of Y strain trypomastigotes with Vero cells and
THP-1 monocytes increased parasite resistance to
complement-induced lysis from 50 to 80% and parasite inva-
sion to around 50%. In the case of the G strain, the vesicles
caused a doubling of both the resistance to complement-
mediated lysis and cell infection. It is important to point out
that vesicles from one strain did not interfere with the
complement-mediated lysis or the infection capacity of the
other strain (Wyllie and Ramirez 2017).

From the previous comments, it is clear that significant
information were obtained concerning the vesicles released
by T cruzi. However, further studies are necessary in order
to clarify the role played by the small RNAs found in the
vesicles on the life cycle and behavior of different strains of
T cruzi. Recent studies have revealed that rRNA-derived
small RNAs are processed by special enzymes and might play
important roles in heterochromatin assembly and transcription
regulation (Li et al. 2012; Cam et al. 2005). It is also important
to carry out a detailed analysis of the vesicles produced by the
different strains.

In view of (a) electron microscopy images showing release
of EVs by trypomastigotes in addition to intracellular
amastigotes, (b) the presence of some key proteins in the
EVs, such as transialidase and mucin, and (c) the presence
of RNA molecules, which contain genetic information and
that may interfere with transcription processes, we may spec-
ulate that vesicles play some role in 7_ cruzi biology. EVs have
important functions as (a) facilitate parasite invasion of the
host cell, (b) immunomodulate the host response, and (c¢) help
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the parasite to evade this response. Retana Moreira et al.
(2019) observed that EVs isolated from 7. cruzi Pan4 strain
are capable to raise intracellular Ca®* levels, altering the actin
filaments and arresting the cell cycle at the GO/G1 phases.
They may also play a role in the pathogenesis of Chagas
disease in which inflammatory processes and host cell death
occur as a consequence of parasitic presence, factors released
by the parasites, and molecules produced by different host
cells that are part of the immunological response. In Fig. 4,
examples of 70 cruzi vesicles are shown.

Trypanosoma brucei

In the case of African trypanosomiasis, early studies reported
the presence of surface appendages (Schepilewsky 1912;
Babudieri and Tomasini 1962) that were subsequently visual-
ized by electron microscopy (Vickerman and Luckins 1969).
These structures were described as plasmanemes associated
with the flagellar membrane that was released from the para-
site. More recently, it has been shown that that these struc-
tures, now designated as nanotubes, which constitute highly
dynamic filamentous structures that may reach a length of
20 pum, bud from the flagellar membrane and subsequently
vesiculate to form extracellular vesicles with a mean diameter
of 80 nm (Szempruch et al. 2016a, 2016b). Most probably, we
are facing here a new mechanism of formation of EVs that do
not form as a typical exosome or ectosome, but by a regular
constriction of an extracellular tubule-like structure, with

Fig. 4 Exosomes released by
Trypanosoma cruzi in
extracellular environment
(Goncalves et al., 1981)
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subsequent release of typical EVs. These structures were re-
stricted to the posterior region of the protozoan and lacked the
structures found within the flagellum of trypanosomatids,
such as the axoneme and the paraflagellar rod. The formation
of these vesicles could be induced by stress conditions or
addition of complement-activated serum. These vesicles are
able to fuse with lipid bilayers and the flagellar pocket and
even with erythrocytes transferring their lipids and proteins. It
is important to point out that these structures were previously
seen in the blood of infected mice (Ellis et al. 1976; Wright
et al. 1970). Proteomic analysis of the isolated vesicles
showed the presence of a large number of proteins, including
flagellar proteins in addition to some virulence factors.
Following fusion with erythrocytes, these cells are rapidly
cleared form the blood resulting in animal anemia. In 2010,
Geiger et al. carried out a detailed proteomic analysis of the
proteins secreted by 7. brucei and identified 444 proteins.
Bioinformatic analysis revealed that a significant number of
the secreted proteins did not present the classical transit pep-
tide, thus indicating a different sorting pathway to reach the
extracellular milieu. Indeed, many of these proteins could be
identified in vesicles isolated from the extracellular medium.
More recently, Eliaz et al. (2017) further analyzed the vesicles
produced by T. brucei and presented evidence for the exis-
tence of two independent processes: (1) the first one
corresponded to vesiculation produced in connection with
the flagellar membrane. These vesicles are larger, with a di-
ameter of 300 nm and (2) the second corresponds to exosomes
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that form in typical cytoplasmic multivesicular structures via
the endosomal sorting complex required for transport
(ESCRT) machinery. Indeed, RNAI silencing of Vps36, an
ESCRT component, compromised exosome secretion but not
the formation of vesicles originating from the nanotubes, thus
indicating that they have different origins. On the other hand,
exosome secretion can be enhanced by parasite stress because
it affects trans-splicing of mRNAs. The authors also purified
exosomes and labeled them with the lipophilic dye,
carbocyanine (DL) that was incorporated into the vesicle
membrane bilayer. After using the labeled exosomes, it was
shown that they were incorporated by parasites and that they
interfered with the previously characterized process of “social
motility,” thus enhancing nanotube repulsion between para-
sites engaged in such a physiological process. Figure 5 dem-
onstrates EVs secreted by 7. brucei.

Plasmodium sp.

In the case of malaria parasites, circulating vesicles were de-
tected in the blood of patients with malaria (review in Sampaio
etal. 2017). Combes et al. (2004) reported an elevated level of
vesicles derived from endothelial cells in the plasma of a
Malawi children with severe P. falciparum malaria complicat-
ed with coma. As previously mentioned, exosomes were first
described in reticulocytes in which they allowed remodeling
of'the plasma membrane with the elimination of some proteins
on the way to differentiating into erythrocytes. On the other
hand, reticulocytes are the cells preferentially invaded by
some malarial parasites as P. yoelii and more importantly,
P, vivax, one of the most important agents of human malaria.
High levels of vesicles were reported in the blood of patients
infected with P. vivax (Campos et al. 2010; Nantakomol et al.
2011), P. malariae (Nantakomol et al. 2011), and
P. falciparum (Pankoui Mfonkeu et al. 2010). Using
P. berghei, it was also shown that vesicles derived from eryth-
rocytes induced macrophage activation in vitro (Couper et al.
2010). One important contribution was made by Martin-Jaular
et al. (2011), who described the presence of plasmodium

Fig. 5 Extracellular vesicle in

T. brucei. a Scanning electron
microscopy (SEM) of T brucei
stimulated to exosome production
(Geiger et al. 2010). b TEM of
spherical units similar to extra-
cellular vesicle in 7. brucei sur-
face (black arrow) (bar =

500 nm). ¢ Free extracellular ves-
icle (red arrows) at the trypano-
some surface visualized by SEM
(bar =400 nm). b and ¢
Szempruch et al., 2016

proteins in exosomes isolated from reticulocytes of mice ex-
perimentally infected with P. yoelii. The exosomes were
shown to present a mean diameter of 56.8 nm, to contain
proteins such as Lamp 1 (CD107a), which originate from an
internal compartment and not from the reticulocyte plasma
membrane, and do not contain CD 401 and CD133, which
are considered to be vesicular markers and membrane parti-
cles, respectively. Proteomic analysis of the isolated exosomes
showed the presence of a large number of proteins such as
HSP8 and HSP90, previously shown to be found in exosomes,
and 31 of these proteins originated from the parasites such as
merozoite surface proteins and rhoptry-associated protein 1,
among others. The same group also showed that mice immu-
nized with the isolated exosomes elicited an IgG response
with antibodies that recognized P. yoelii-infected red blood
cells. Immunized mice challenged with a lethal P. yoelii
showed an attenuated infection with lower parasitaemia, in-
creased survival time conferring complete and long-term pro-
tection (close to 85%) in the tested mice, and altered parasitic
tropism toward reticulocytes that increased from 2 to 63%. It
is important to point out that the authors were able to isolate
the exosomes from the supernatant of reticulocytes main-
tained in vitro for 24 h in a culture medium. Taking together
the results presented by Martin-Jaular et al. (2011), it was
clearly shown that the exosomes they isolated were complete-
ly different from other vesicles isolated from the blood of
humans or animals infected with malarial parasites.

What about the so-called EVs found in the blood of
humans and animals infected with Plasmodium? Mantel
et al. (2013) observed three different population of vesicles
in the supernatant of a culture of human erythrocytes infected
with P. falciparum with sizes varying from 100 to 400 nm.
Proteomic analysis showed that the most abundant proteins
found were components of the erythrocyte lipid raft compo-
nents such as stomatin, band 3, and several carbonic
anhydrases, thus indicating that the vesicles originated from
the erythrocyte plasma membrane. Vesicular markers such as
ARF-6 and V PS4 were also found. About 30 parasite proteins
were also found in the EVs, including some such as SBPI,
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Rex 1-2, MAHRP1-2, and PfMC-2TM that are usually asso-
ciated with the Maurer clefts and others that are associated
with the parasitophorous vacuole membrane and
erythrocyte-binding proteins used by the parasites to enter
erythrocytes. Based on these information, Mantel et al.
(2013) suggested that the vesicles arise by blebbing from spe-
cific sub-domains within the erythrocyte membrane and con-
tain proteins of the erythrocyte membrane and parasite pro-
teins present on the erythrocyte surface in addition to those
found in the Maurer clefts. They also showed that vesicles
isolated from the supernatant of P. falciparum cultures act as
messengers for gametogenesis induction.

Regev-Rudzki et al. (2013) further analyzed P. falciparum
exosomes. Based on experiments in which they provided ev-
idence for DNA-dependent transfer of drug resistance be-
tween parasite population, they hypothesized that communi-
cation between the parasites did occur. Experiments were re-
ported that discarded the possibility that such a process took
place by direct interaction of the cells and could occur over
long distances in a process in which cytoskeletal components,
including microtubules and actin filaments, were involved.
Since this process could be inhibited by treatment of the cells
with heparin, which has been shown to suppress cell vesicu-
lation, they hypothesized that exosomes could be involved in
such a process, occurring mainly in the ring stage of the asex-
ual P, falciparum life cycle. The exosomes were visualized by
atomic force and transmission electron microscopy and ap-
peared as vesicles with a mean diameter of 70 nm. Gene KO
experiments showed that PFEMP1, a parasite protein that traf-
fics to the Maurer clefts via budding of the parasitophorous
vacuole membrane, is not required for efficient between-
parasite communication. However, gene KO of PfPTP2, a
protein that functions in the budding of vesicles from the
Maurer clefts and the release of the extracellular vesicles, re-
duces cell-to-cell communication. In a seminal paper by
Regev-Rudzki et al. (2013), it was also reported that commu-
nication between co-cultures of P. falciparum lines led to a
disappearance of blood stages over 2 weeks with replacement
by gametocytes, a developmental stage involved in the link
between the mammalian and insect portions of the life cycle,
which increased up to 17-fold in the culture. This observation
is in close agreement with those reported by Mantel et al.
(2013) and was previously discussed. Recently, Abdi et al.
(2017) demonstrated that extracellular vesicles of
P. falciparum were enriched in proteins found within the
exomembrane compartments of infected erythrocytes such
as Maurer’s clefts in addition to the secretory endomembrane
compartments in the apical end of the merozoites. This finding
suggests that these proteins played a role in parasite—host in-
teractions. Using bioinformatics as a tool, Jiang et al. (2018)
described a complex in P. falciparum that was composed of 10
to 11 subunits, called an exosome-like complex that appears to
be directly involved in the blood infection process. Sampaio
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et al. (2018) showed that PfEMP1 was present only in EVs
from early ring-stage parasites, many hours before it appeared
on the surface of infected erythrocytes. Using the murine mod-
el of malaria, miRNAs have been found in circulating EVs. It
was found that miR-16 and miR-451 decreased while miR-
27a and miR-150 increased in response to infection. The level
of these miRNAs changes following malaria treatment (see
Cohen et al. 2018 for further analysis).

Toxoplasma gondii

Recently, for the first time, Li and colleagues isolated and
identified exosomes secreted by 7. gondii (Li et al. 2018a)
using electron microscopy, nanoparticle tracking analysis,
and Western blotting. This group demonstrated that at higher
concentrations, 7. gondii exosomes could reduce the host
macrophage viability (Li et al. 2018a). Macrophages exposed
to a lower concentration of exosomes can stimulate the pro-
duction of cytokines and activate the c-jun terminal kinase
(JNK) pathway, leading to a stimulus of innate immune re-
sponses and regulation of host cell-parasite communication
(Lietal 2018a; Li et al. 2018b).

Cryptosporidium

Hu et al. (2013) showed that exosomes are released in vivo
from the biliary and intestinal epithelial cells from animals
infected with Cryptosporidium parvum and that they
contained antimicrobial peptides such as {3-defensin-2 and
IL-37. These exosomes bound to the surface of sporozoites
and decreased both the parasite’s infectivity and viability. It
was shown that release of these exosomes involved a miRNA-
mediated exocytic mechanism (Hu et al. 2013; Review in
Zhou et al. 2014). On the other hand, this parasite may have
developed strategies to modulate host miRNA-mediated cel-
lular functions for immune evasion (reviewed by Ming et al.
2017).

Trichomonas

In the case of anaerobic protozoa, Twu et al. (2013) carried out
a detailed study on the Trichomonas vaginalis exosomes. The
authors based this study on previous information showing that
the surface membrane proteome of this protozoan revealed the
presence of three tetraspanin proteins (Tsp), a family of pro-
teins constitutive components of exosomes on several cell
types. The authors reported vesicular isolation with a diameter
of 50 t0o100 nm from the supernatant of protozoan cultures.
Tagging of one of the tetraspanins (Tspl) with hemagglutinin
A allowed the observation that this protein is located in the
vesicles. The vesicles contained a heterogenous population of
small RNAs ranging in size between 25 and 200 nm.
Proteomic analysis of the isolated exosomes revealed the
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presence of a total of 215 proteins in which 73% and 40% of
them were orthologs of proteins found in mammalian and
L. donovani exosomes, respectively. These include protein
families such as tetraspanins, Alix, Rabs, HSP70, subunits
of heterotrimeric G proteins, cytoskeletal proteins, surface
proteins, and proteases that may be involved in trichomoniasis
pathogenesis. When BODIPY-PC labeled exosomes were in-
cubated in the presence of ectocervical cells in culture, labeled
structures were seen inside the epithelial cells. In contrast,
labeled hydrogenosomes were not incorporated by the cells.
Importantly, cells which incorporated exosomes induced the
production of IL-6 to the same extent as when they were
incubated in the presence of the parasites. Induction of IL-8
was also observed although to a lower extent. The authors also
analyzed the possible role played by exosomes on the interac-
tion between the parasites in addition to the interaction be-
tween parasites and epithelial cells in vitro. They used two
parasite strains: (1) B7RC2 and (2) G3. B7RC2 is a strain
20-fold more adherent than the G3 strain. Pre-incubation of
3 parasites with exosomes from the B7RC2 strain resulted in
a 2-fold increase in their attachment to ectocervical cells. On
the other hand, pre-incubation of B7RC2 exosomes with ep-
ithelial cells resulted in a 3-fold increase in G3 attachment to
the cells. Similar results were obtained with other strains lead-
ing to the conclusion that exosomes from high adherent strains
increase attachment of less adherent cells. Recently, Olmos-
Ortiz et al. (2017) demonstrated that 7. vaginalis exosomes
have an immunomodulatory role on the parasite-induced cy-
tokine profile since interactions with vaginal tissues lead to a
decrease of IL-17, IL-6, and IL-13 and promote a decrease in
the inflammatory process in 7. vaginalis-infected mice.

Giardia

In relation to Giardia intestinalis, there are some interesting
results although two of them are from unpublished reports.
First, Deolindo et al. (2013) wrote a short review on the sub-
ject in which they mentioned that they found intense vesicular
formation by trophozoites incubated at pH 3 and 8 for 5 to
10 min. The second report was found in a master’s thesis
presented by Mojoli le Quesne (2019), who showed that tro-
phozoites incubated in the presence of 1 mM Ca®* release
vesicles in a time-dependent manner reaching the highest in-
tensity after 120 min of incubation. The vesicles were isolated
and analyzed by mass spectrometry and eight proteins, most
of them enzymes involved in the general metabolism and
some cytoskeletal proteins, were identified. The nature of
the proteins varied if the vesicles were isolated from tropho-
zoites or from encysting cells. It was also shown that the
vesicles contained a 5.8S rRNA and that when added to par-
asites interacting with Caco-2 cells, they increase the adhesion
of trophozoites to the epithelial cells. A more detailed work
was recently published by Evans-Osses et al. (2017) who

presented several findings: (1) release of 60 to 150 nm vesicles
when the protozoan was incubated in the presence of calcium;
(2) dose-dependent inhibition of vesicular release when the
protozoan was treated with methyl-(3-cyclodextrin, a com-
pound that causes cholesterol depletion from the plasma mem-
brane; (3) EVs facilitate adhesion of the protozoan to epithe-
lial cells in vitro; and (4) that G. intestinalis vesicles are inter-
nalized by dendritic cells via endocytosis and are subsequent-
ly upregulated for the CD25 expression, thus acquiring an
activated state. The isolated EVs were submitted for a prote-
omic analysis. Those obtained from trophozoites revealed the
presence of 11 proteins, seven of which are usually found in
vesicles obtained from other cells. However, when the vesi-
cles were isolated from parasites during the process of
encystation in vitro, 80 proteins were identified, and 36 of
them are still unknown. More recently, tridimensional recon-
struction of Giardia trophozoites induced to release exosomes
revealed that some, but not all, peripheral vacuoles constitute
multivesicular bodies containing vesicles with a mean diame-
ter of 50 nm (Midlej et al. 2019). Figure 6 shows images of
these vesicles.

EVs secreted by host cells during interaction
with parasitic protozoa

There are some reports showing that cells infected with para-
sites able to survive within them are induced to secrete EVs.
For instance, it was shown that 7 cruzi induces exosome
release from the host cell and that these vesicles bind to the
parasites and protect them from complement-mediated lysis
(Cestari et al. 2012). This protection appeared to be dependent
on the 7. cruzi subtype (strain). Vesicles produced during the
interaction between Tcll parasites and host cells increased
parasite resistance to complement lysis from 50 to 80% and
parasite invasion was increased to > 50%. Meanwhile, vesi-
cles purified during the interaction between Tcl parasites and
host cells have stronger effects, causing a doubling of both
complement resistance and parasite invasion. The
complement-mediated lysis assays showed that all vesicles
inhibited mainly the lectin pathway (Wyllie and Ramirez
2017).

In the case of Leishmania infection, it has been shown that
bone marrow-derived dendritic cells loaded with the major
Leishmania antigen produce exosomes that mediate protective
immunity against cutaneous leishmaniasis (Schnitzer et al.
2010).

There are some reports concerning exosomes that are not
from Apicomplexa parasites but from the infected host cells.
In the case of Toxoplasma gondii and Eimeria tenella, it was
shown that exosomes derived from dendritic cells previously
infected with the respective parasite protect animals from a
subsequent infection, thus acting as a vaccine (Beauvillain
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Fig. 6 Electron tomography of
Giardia intestinalis (non-
encysted: a—c¢ and encysted: d—f)
parasites showing tomographic
3D reconstruction of peripheral
vesicles (PVs) consisting of
MVBs inside. Midlgj et al. (2019)

et al. 2009; Bhatnagar et al. 2007; Del Cacho et al. 2011).
Dendritic cells are able to secrete exosomes expressing func-
tional MHC classes I and II in addition to sT-cell
costimulatory molecules on their surfaces (Keller et al.
2006). Proteomic analysis of exosomes released by cells in-
fected with 7. gondii (when compared with non-infected fi-
broblasts) demonstrated the presence of 346 proteins uniquely
from the parasite and 15 proteins as being unique to the host
cells. Among the proteins present in exosomes, some corre-
spond to classical EVs markers such as extracellular matrix
glycoproteins, calcium-binding proteins, filament-associated
proteins, annexin family members, HSP 70, serpins, and
CD63 (Wowk et al. 2017). In the case of leukocytes infected
with Theileria annulata, it was shown that there are significant
differences in the protein and miRNA profile between
exosomes released by uninfected and 7. annulata infected
leukocytes (Gillan et al. 2019).

EVs in other parasites

Although out of the initial scope of this review, it is important
to mention that EVs have been also found in other parasites
such fungi (Cryptococus neoformans, Malassezia
sympodialis, Paracoccidiodes brasilensis) in addition to hel-
minths such as Heligmosomoides polygyrus, Schistosoma
Jjaponicum, S. mansoni, Echinostoma caproni, Dicrocoelium
dendriticus, and even in the free living nematode
Caenorhabditis elegans (Wang et al. 2015; Trelis et al.
2016; Nowacki et al. 2015; Samoil et al. 2018). In most cases,
the vesicles have been identified by electron microscopy and
their protein and miRNA content characterized by using stan-
dard biochemical and molecular techniques (reviewed in
Britton et al. 2014). Furthermore, it has been shown that incu-
bation of these vesicles with host cells interfere with various
factors such as iNOS, Arg-1, TND-alpha, IL-10, and IL-12
and may act as immunomodulators (Buck et al. 2014; Coakley
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et al. 2015; Maizels and Yazdanbakhsh 2003; Marcilla 2012;
Marcilla et al. 2014; Trelis et al. 2016; Wang et al. 2015). In all
the studies, the authors suggest that exosomes could play im-
portant roles in host—parasite interactions and could be a use-
ful tool in vaccine and therapeutic development against para-
sitic diseases.

Perspectives

The huge number of papers that have been published on
EVs indicate the interest and importance of this topic that
even originated an international organization and a highly
specialized scientific journal (Journal of Extracellular
Vesicles). There are reasons to convince several research
groups that these structures may constitute potential bio-
technology tools and are important players of what has
been designated as nanobiotechnology. They may consti-
tute an important delivery system for gene therapy and
molecular-displaying cell regulation capabilities when in-
corporated into other cells and even by interfering with the
exosomal membrane during its biogenesis, targeting the
vesicles via specific ligands to different cell types. These
vesicles may reach the bloodstream, extravasate through
intercellular junctions and even passing the central ner-
vous system blood barrier. There is evidence that it is
possible to interfere with the composition of the exosomes
by interfering with multivesicular body biogenesis.
Finally, it is important to recognize that the same approach
in drug development for targeting cancer cells may also
work for extracellular and intracellular parasites, especial-
ly those that are able to deliver their proteins to the plasma
membrane of the host cell. In addition, exosome’s great
practical potential provides an incentive to some groups
to produce fully artificial exosomes as reviewed by
Garcia-Manrique et al. (2018a, b).
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