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Abstract
Parasites are responsible for the most neglected tropical diseases, affecting over a bil-
lion people worldwide (WHO, 2015) and accounting for billions of cases a year and
responsible for several millions of deaths. Research on extracellular vesicles (EVs)
has increased in recent years and demonstrated that EVs shed by pathogenic para-
sites interact with host cells playing an important role in the parasite’s survival, such
as facilitation of infection, immunomodulation, parasite adaptation to the host envi-
ronment and the transfer of drug resistance factors. Thus, EVs released by parasites
mediate parasite-parasite and parasite-host intercellular communication. In addi-
tion, they are being explored as biomarkers of asymptomatic infections and disease
prognosis after drug treatment. However, most current protocols used for the iso-
lation, size determination, quantification and characterization of molecular cargo of
EVs lack greater rigor, standardization, and adequate quality controls to certify the
enrichment or purity of the ensuing bioproducts. We are now initiating major guide-
lines based on the evolution of collective knowledge in recent years. The main points
covered in this position paper are methods for the isolation andmolecular character-
ization of EVs obtained from parasite-infected cell cultures, experimental animals,
and patients. The guideline also includes a discussion of suggested protocols and
functional assays in host cells

KEYWORDS
EVs methodology, extracellular vesicles, helminth, host-parasite interaction, infection, protocols, proto-
zoan parasites

 INTRODUCTION

. Extracellular vesicles and parasites

The study of extracellular vesicles (EV) has become incredibly important due to their ability tomediate the signaling and transfer
of biomolecules between cells. This EV-mediated communication eliminates the need for cell-cell contact and allows cells to
deliver messages to remote sites (Campos et al., 2015; Colombo et al., 2014; Marcilla et al., 2014, 2012; Théry et al., 2002, 2006,
2009, 2018; Torrecilhas et al., 2020;Witwer et al., 2013). RNA, DNA, Proteins, RNA, DNA, glycoconjugates, lipids andmetabolites
are found in EVs and can be transported from one cell to another. These molecules have been shown to be involved in drug
resistance, regulation of cell growth, regulation or activation/modulation of cells of the immune system, modulation of cellular
development and differentiation, neurotransmission, and so forth (Abou Andre et al., 2001; Araldi et al., 2012; Colombo et al.,
2014; Dekel et al., 2021; Kalra et al., 2016; Karam et al., 2022; Mantel et al., 2016, 2013; Ofir-Birin et al., 2021; Raposo & Stoorvogel,
2013; Regev-Rudzki et al., 2013; Sisquella et al., 2017; Théry et al., 2006, 2018; Wolfers et al., 2001). Upon fusion, physiological
processes such as blood coagulation, cell differentiation and inflammation, as well as pathological processes can lead to the
development of cancer, neurological alterations, cardiovascular and infectious diseases (Andre et al., 2001; Araldi et al., 2012;
Campos et al., 2015; Colombo et al., 2014; Raposo & Stoorvogel, 2013; Torrecilhas et al., 2020; Wolfers et al., 2001).
EV-mediated intercellular communication in parasites has been observed both between the same species aswell as betweendif-

ferent species (Marcilla et al., 2014; Torrecilhas et al., 2020). EVs released by pathogenic parasites were found to play an important
role in the establishment of the infection by promoting survival or by regulating infection and modifying host immunomodu-
latory processes. In some cases, EVs transfer information that allow drug resistance (Regev-Rudzki et al., 2013). EVs can also
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F IGURE  EVs from distinct pathogenic parasites (different forms and stages of the life cycle). Parasite EVs are composed of a lipid bilayer and a several
molecules derived from the plasma membrane and/or cytosol. EVs can participate in the parasite-host relationship since they on carry proteins, lipids, and
nucleic acids distributed inside, outside or merged in the lipid bilayer (a). EVs from pathogenic parasites functions. Parasite EVs participate in the
parasite-parasite and parasite-host relationship. EVs have different roles depending on the species or the evolutive form. They can induce an immune response
(activating or suppressing the immune cells), facilitate the parasite attachment to the host cells, participate in parasite-parasite communication, and contribute
to the parasite-parasite communications, among other functions (b). (Evans-Osses et al., 2017)1 and 2; (Ma’ayeh et al., 2017)−3; (Sharma et al., 2020)−4; (Costa
et al., 2021)−5; (Goncalves et al., 2018)−6; (Olmos-Ortiz et al., 2017)−7; (Twu et al., 2013)−8; (Silva et al., 2018)−9; (Atayde et al., 2016; Silverman et al.,
2010b)−10; (Madeira et al., 2021; Torrecilhas et al., 2012; Trocoli Torrecilhas et al., 2009)−11 and 12; (Mantel & Marti, 2014)−13; (Toda et al., 2020)−14; (Sisquella
et al., 2017)–15; (Regev-Rudzki et al., 2013)–16; (Marcilla et al., 2014)−17.

mediate parasite-parasite communication (Torrecilhas et al., 2012, 2020; Trocoli Torrecilhas et al., 2009; Vasconcelos et al., 2021).
Furthermore, the fact that EVs have been found in most biological fluids (Yáñez-Mó et al., 2015) makes them an important
target for the identification of new biomarkers in parasitic infections (Marcilla et al., 2014). All together the date reviewed above,
illustrates the wide spectrum of physiological functions elicited by EVs in parasitic diseases (Figure 1).
A workshop was organized in 2016 in Brazil to discuss the nature and origin of EVs in different pathogenic organisms and on

how EVs could be characterized in each one. Furthermore, the members of the International Society for EVs (ISEV) organized
a satellite meeting (Cross-Organism Communication by Extracellular Vesicles: Hosts, Microbes, Parasites) that included mainly
infectious diseases. The major goal of the ISEV workshop was to promote a high-level scientific discussion of modes of EV-
mediated communication between hosts and pathogens or commensals. Themajor raised questions were about the EV structure
and composition in different kingdoms and how these EVs can be characterized and studied in different and unrelated species.
The discussion resulted in a meeting report (Soares et al., 2017). In November 2018, a second ISEV workshop (EVs in Clinical
Theranostic) occurred inGuangzhou, China, and focused on advances in analytical technologies to provide guidance considering
the use of EVs in diagnostic and therapeutic applications. The meeting pointed out the major challenges and requirements
for separation of EVs from different cell types and body fluids to allow adequate clinical usage (Soekmadji et al., 2020). It was
consensus that it is still necessary to develop and improve protocols and techniques for purification and characterization of EVs
isolated from the pathogenic organism. This conclusion underscores the need to establish guidelines to explore the EVs isolated
fromparasites. Unique characteristics of each organism, however, require to be treated separately.Moreover, variations in the size,
quantity, and intrinsic composition of EVs from each parasite (and even from different life-cycle stages and strains of the same
parasite) often make it difficult to obtain consistently enriched and homogenous preparations, thus requiring specific methods
for isolation and molecular characterization.
Here, we propose a set of guidelines based on the methods already developed for the best purification and characterization of

released EVs from parasites, together with biological assays, to understand their function. An important point to consider is that
ascribing a specific function for the ensuing biomaterial may include subtypes of EVs, eventually containing contaminants that
could vary in each batch. This guideline article additionally includes technical tables and steps to follow and to document specific
functional activities of parasite derived EVs. We also provide a checklist to improve each step of the protocols and summaries of
the key points for the isolation, purification and molecular and functional characterization of EVs from parasites.
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Many differentmethods are available for the isolation, characterization and purification of EVs. Therefore, it is crucial to report
all experimental procedures to maximize the number of known and reportable parameters, allowing for their standardization,
quality control and comparative analysis. Our aim is to give the reader the possibility to assess critical technical issues observed
in the field of parasite derived EVs, specifically regarding (1) EV isolation and purification; (2) analysis of proteins, lipids, glyco-
conjugates (glycoproteins, glycolipids, glycolipoproteins) and nucleic acids; (3) the level of enrichment and homogeneity of EV
preparations and (4) the need to improve and share purification and separation protocols.

. Trypanosomatidae: Kinetoplastida

1.2.1 Trypanosoma cruzi

Trypanosoma cruzi is the causative agent of Chagas disease or American trypanosomiasis, a neglected tropical disease (NTD).
Approximately, 6–8 million people are already chronically infected in the Latin America, and 100 million are at risk of acquir-
ing the disease in North America, Europe and other nonendemic regions (Bern, 2015; Coura & Viñas, 2010; Dias et al., 2002).
Transmission of the parasitic protozoan to humans occurs through contaminated feces of insect vectors (triatomines), oral trans-
mission (contaminated food and juices), blood transfusion, organ transplantation, congenital contagion and laboratory accidents.
During the natural infection,T. cruzi is transmitted through the excreta of the hematophagous triatomine bug, which contains the
metacyclic trypomastigote (MT) forms. These forms gain access to themammalian host through the insect bitewoundor through
exposed (oral or ocular)mucosal membranes, where the parasites invade nucleated cells. The parasites transform into amastigote
forms, which multiply in the cytosol. Then, they transform into trypomastigotes and rupture the host-cell plasma membrane,
reaching the extracellular matrix and eventually, the bloodstream. The trypomastigote surface membrane is composedmainly of
glycoconjugates (glycoproteins and glycolipids) such as glycosylphosphatidylinositol (GPI)-anchored mucin-like glycoproteins
(tGPI-mucins or TcMUC II), trans-sialidases (TS), Tc85, mucin-associated surface proteins (MASP), and glycoinositolphospho-
lipids (GIPLs) (Acosta-Serrano et al., 2007; Almeida et al., 1994; Buscaglia et al., 2004, 2006; de Lederkremer & Agusti, 2009; de
Pablos Torró et al., 2018; Schenkman&Eichinger, 1993; Schenkman et al., 1994, 1993, 1992; Soprano et al., 2018; Uehara et al., 2012).
Gonçalves and cols. (1991), Torrecilhas and cols. (2009), andOsuna and cols. (De Pablos et al., 2016; Díaz Lozano et al., 2017) have
shown that T. cruzi trypomastigotes derived from infected mammalian cells release vesicles into the culture medium. Proteomic
analysis of this fraction showed that about 30% of the hits correspond to proteins of the Tc85/TS family of T. cruzi (Ribeiro et al.,
2018), indicating that these EVs contain large amounts of surface membrane components. Several pieces of evidence indicate
that these T. cruzi-derived EVs participate in the interaction with host cells during infection (Cronemberger-Andrade et al.,
2014, 2020; Ramirez et al., 2017), including delivery of cargo (virulence factors and antigens) into host cells, modulation of host
innate and adaptive immune responses and immune evasion (Bayer-Santos et al., 2013; Cestari et al., 2012; Torrecilhas et al., 2012,
2020).

1.2.2 Leishmania spp

Leishmania comprises several species of a unicellular protozoan parasite, which is responsible for different clinical forms of
leishmaniasis, anNTD that causesmajor health problems in tropical and subtropical areas (Scott &Novais, 2016). These parasites
have a digenetic life cycle: they live as highly motile promastigote forms in the sand fly vector and differentiate into a less motile
amastigote forms in the mammalian host macrophages (Belo et al., 2017). EVs released by Leishmania spp. can contribute to
the establishment of infection and host immunomodulation (Barbosa et al., 2018). The study of the biology of Leishmania EVs
began in 2008 (Silverman et al., 2010a) and, since then, tremendous effort has been devoted to characterizing and understanding
their biological roles and pathophysiological impact in the host. These efforts showed that Leishmania can release EVs enriched
with major virulence factors at different life cycle stages. These EVs can alter host cell signaling and microbicidal functions
(Atayde et al., 2015, 2019b; Hassani et al., 2014; Silverman & Reiner, 2011; Silverman et al., 2010a, 2010b). The group lead by Reiner
provided the first clear demonstration of Leishmania EV release (Silverman et al., 2010a), while the Olivier team provided the first
evidence of GP63 clustering within Leishmania EVs (Gomez et al., 2009). They further showed that knocking out this important
virulence factor almost completely abolished the ability of these EVs to modulate host immune response in comparison with
its wild-type counterparts (Gomez & Olivier, 2010; Hassani et al., 2014). These are among the first clear demonstrations that
Leishmaniaparasites can release small vesicles aswell as the fact that almost allLeishmania exosomal proteins lack a signal peptide
(Hassani et al., 2011). One of the most studied characteristics of Leishmania EVs is their effect on cytokine production in host
immune cells. For instance, L. donovani vesicles induce IFN-γ secretion in human monocytes and increase immunosuppressive
cytokine production by murine CD4+ lymphocytes (Silverman et al., 2010b). The findings to date all support the important roles
of Leishmania EVs to trigger major immunomodulatory actions in favor of facilitating the infection process and survival of the
parasites in their hosts, as recently reviewed (Torrecilhas et al., 2020).
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. Apicomplexa

1.3.1 Toxoplasma gondii

Toxoplasma gondii is an apicomplexan parasitic protozoan, the causative agent of toxoplasmosis that is widely distributed (Ybanez
et al., 2020). T. gondii is one of the best adapted parasites, being able to infect numerous species of animals and different types of
cells. These parasites can persist for long periods in their hosts, probably for a lifetime. The course of the infection and pathogenic-
ity depends on the doses of inoculated parasites, parasite genetic background, host genetics and immunological status (Habegger
de Sorrentino et al., 2005; Hunter & Sibley, 2012). T. gondii life cycle comprises definitive hosts represented by members of the
Felidae family, including domestic cats (de Barros et al., 2022). They are infected when ingesting meat containing tissue cysts or
tachyzoites. Felids shed with feces the environmentally resistant oocysts produced after T. gondii sexual cycle. Once in contact
with the atmosphere, the oocysts sporulate to form sporozoites, which infective other definitive or intermediate hosts (Dubey,
1998, 2008). Human and animal infections are mostly acquired by ingesting food or water contaminated with sporulated oocysts,
undercooked meat infected with latent cysts and via fecal matter (de Barros et al., 2022; Montoya & Liesenfeld, 2004).
Toxoplasmosis prevalence in humans is highly variable since it is influenced by socioeconomic and environmental conditions,

as well as cultural habits (de Barros et al., 2022; Mareze et al., 2019). Other ways of infection include congenital transmission
(during pregnancy); ingestion of tissue cysts from infected animal tissues; ingestion of oocysts from contaminated water, soil or
food; blood transfusion and organ transplantation (Dubey et al., 2021; Montoya & Liesenfeld, 2004). The infection is normally
asymptomatic or subclinical; however, primary infection during pregnancy can cause damage to the fetus and even produce
abortion. In addition, primary infection, or recrudescence of parasitemia in immunocompromised humans and animals lead to
severe neurological and ocular clinical signs, causing significant impacts on public health and animal production (Dubey, 2008;
Pereira-Chioccola et al., 2009).
T. gondii antigen secretion is essential to stimulate the T- and B-cell responses to develop lifelong protective immunity against

reinfection (Carruthers, 2002; Dubey et al., 2012; Hill et al., 2005). Most of these antigens are excretory/secretory antigens (ESA)
that have been shown as important components in the invasion and replication of T. gondii within host cells. This process is
rapid and dynamic and relies on the secretion of numerous secretory proteins from micronemes, rhoptries, and dense granules.
ESA plays an important role in toxoplasmosis pathogenesis since they are highly immunogenic (Carruthers, 2002; Meira et al.,
2008). The number of studies of EVs produced by T. gondii has increased in recent years, and several protocols have been used
to produce and characterize their EVs. As T. gondii is an obligate intracellular parasite, the choice of tissue-culture lineage to be
used is a very important parameter to consider in obtaining and evaluating EVs from this parasite.

1.3.2 Plasmodium spp

Malaria, caused by the genus Plasmodium belonging to the phylum Apicomplexa, is one of the most debilitating and life-
threatening infectious diseases. In fact, almost half of the world’s population is exposed to the risk of malaria infection. The
most recent World Health Organization (WHO) malaria report estimated 247 million cases in 84 malaria endemic countries
and 619,000 deaths in 2021 (WHO 2022; 2015, World malaria report 2022). From the nearly 120 Plasmodium species that infect
mammals, birds and reptiles, only five species can infect humans: Plasmodium falciparum, Plasmodium vivax, Plasmodium ovale,
Plasmodium malariae and Plasmodium knowlesi (Graham, 1966; Singh et al., 2004). Among them, P. falciparum is known to be
the most prevalent and virulent malaria parasite (Weiss et al., 2019), followed by P. vivax, which was responsible for 3.3% of all
estimated cases 7 million clinical cases in 2019 (Battle et al., 2019).
The human malaria life cycle is a complex process that comprehends different stages of the parasite in several cells and tissues

between the two hosts, human and Anopheles mosquito (responsible for the transmission). The ability to sense extracellular
signals and to coordinate with other cells is especially important for pathogens, as they constantly face the hostile environment
of their host. Indeed, EVs play a crucial role in the complex life cycle of many parasites, including malaria parasites.
In P. falciparum (Pf), the deadliest malaria-causing species in humans, several studies concerning the role of Pf -derived EVs

have shown that they are involved in diverse processes during the life cycle of the parasite (Mantel et al., 2016, 2013; Regev-Rudzki
et al., 2013; Sisquella et al., 2017), targeted at different host cells. One of the initial studies, showed that circulating Pf-derived
EVs were correlated with cerebral malaria disease severity (Nantakomol et al., 2011). On the other hand, EVs released to the
conditioned medium by infected red blood cells (iRBCs) are transferred between iRBCs promoting sexual differentiation and
providing the parasite with an escape route from the hostile environment of their host to the mosquito vector (Mantel et al.,
2013; Regev-Rudzki et al., 2013). Furthermore, it was shown that Pf-derived EVs are involved in altering host cells; the functional
20S proteasome cargo, for example, was found to modulate the mechanical properties of human RBCs, by altering membrane
stiffness, thus priming naïve host RBCs for parasite invasion (Dekel et al., 2021). EVs also target the immune (Mantel et al., 2013;
Sisquella et al., 2017; Ye et al., 2018) and endothelial cells (Mantel et al., 2016), both of which play an important role in malaria



 of 

pathogenesis. Pf genomic DNA present in EVs leads to the activation of a Type-I interferon response in recipient monocytes
(Sisquella et al., 2017), while humanmicroRNAs packed inside the EVs are involved in promoting endothelial activation, leakage
and parasite sequestration (Mantel et al., 2016).

In P. vivax, as there is still no in vitro culture, most of the studies have been done using plasma samples from infected patients.
A pioneer field study in Brazil showed the indirect association of circulating plateletMVs and disease severity during vivax infec-
tions (Campos et al., 2010). A year later, a field study in Thailand investigating RBC-derivedMVs in P. falciparum, P. vivax and P.
malariae infections, confirmed increase levels of MVs during infections and its indirect association with severity (Nantakomol
et al., 2011).
Only recently, a proteomic study has also demonstrated the presence of P. vivax proteins associated to plasma-derived EVs

from vivaxmalaria patients isolated by size-exclusion chromatography (SEC) (Toda et al., 2020). Of notice, the signal and number
of proteins have been increased when direct immuno-affinity capture (DIC) technique, using anti-CD71antibody, have been
implemented to enrich circulating EVs derived from plasma of P. vivax infected patients (Aparici-Herraiz et al., 2021). These
studies represent a significant advance in identifying new antigens for vaccination against P. vivax malaria parasite. Moreover,
using a P. vivax infected liver-humanized mouse model, it has been identified parasite proteins in circulating EVs, provided a
new insight into the research of biomarkers for vivax liver infection (Gualdron-Lopez et al., 2021).
The physiological role of EVs during vivax infections has remained unexplored until very recently. Toda et al., have demon-

strated that plasma-derived EVs isolated from P. vivax patients (PvEVs) interact with human spleen fibroblasts, inducing
expression of ICAM-1 via NF-kB nuclear translocation and facilitating parasite cytoadhesion (Toda et al., 2020). Another recent
study has employed PvEVs to analyze through in vitro studies, the interaction between human spleen cells and plasma derived
PvEVs. The results showed an increased proportion of T cells, monocytes, B cells and erythrocytes interacting with PvEVs as
compared to plasma-derived EVs from healthy donors (hEVs) (Gualdron-Lopez et al., 2021). Together, these data provide novel
EVs-based insights into the mechanisms of P. vivax pathology and support the existence of cytoadherence of P. vivax in the
spleen.

. Pathogenic ameboid protists

The Ameboid protist gathers a broad group of protozoa with few species considered human pathogens. Among these, only the
intestinal amoebae Entamoeba histolytica and E. dispar are considered sensu stricto parasites. Both shares the same morphology,
but only the former can invade intestinal mucosa. Other pathogenic amoebae are Naegleria fowleri, Balamuthia mandrillaris
and Acanthamoeba spp., which are primarily free-living organisms that occasionally cause infections in humans. Currently, E.
histolytica, Acanthamoeba and Naegleria have been investigated on EVs topics, but the field is still in its infancy considering the
low number of publications reported so far.

1.4.1 Entamoeba histolytica

Entamoeba histolytica is the etiologic agent of amoebiasis, an infection whose invasive forms may result in severe dysentery or
extra-intestinal disease. Amoebiasis still persists as an endemic health problem in developing countries, causing 40,000–100,000
deaths per year worldwide (Carrero et al., 2020). The life cycle of E. histolytica includes the cystic infective stages excreted with
feces, and the vegetative trophozoites, which proliferate in the colon and can invade the mucosa and submucosa, initiating the
pathogenic process (Betanzos et al., 2018). The first step in this process is the attachment to colonic cellsmediated by adhesins and
lectins, as the galactose-and N-acetyl-d-galactosamine (Gal/GalNAc) and 220 kDa lectins and 112 kDa adhesin (Aguirre Garcia
et al., 2015). Cytolysis, phagocytosis and degradation of ingested cells follow on with the participation of other components such
as cysteine proteases and pore-forming peptides (Betanzos et al., 2019).

1.4.2 Acanthamoeba spp

The free-living amoebas of the genus Acanthamoeba are involved in a corneal infection termed Acanthamoeba keratitis (AK),
which the contact lens wears as the main risk group. The protozoan can also cause granulomatous amoebic encephalitis (GAE),
a highly lethal disease that affects predominantly immunocompromised patients (Khan, 2006). AK is usually characterized by
eye redness, tearing, photophobia, epithelial alterations, corneal opacity and stromal infiltration. The infection can evolve to
blindness if not treated (Khan, 2006). Amoebas reach the cornea by contact lens or other objects that accidentally injure the
tissue. Amoebic adhesion in the cornea is favored bymicrotrauma as those naturally caused by the lens or by other external causes.
These events upregulate the expression of host cells mannosylated glycoproteins, which are not only recognized by mannose-
binding receptors on the trophozoite membrane, initiating the amoeba-host cell interaction, but also stimulate the release of
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cytopathic-factors as a 133 kDamannose-induced protease (MIP 133) and other proteases (Neelam&Niederkorn, 2017). In GAE,
amoebas use skin wounds or the respiratory treat as the main entry routes, and hematogenous dissemination lead them to the
brain. Trespassing of the blood-brain barrier also involves amoebic mannose-binding proteins, proteases and other hydrolytic
enzymes, which together host immune response elements, resulting in the typical granulomatous lesions (Siddiqui et al., 2011).
The disease progresses with neurological symptoms simulating bacterial or viral meningitis, and death occurs in 1 or 2 months
(Kalra et al., 2020).

1.4.3 Naegleria fowleri

The amoeboflagellate Naegleria fowleri is the causative agent of primary amoebic meningoencephalitis (PAM), a fulminant dis-
ease with lethality over to 95% (Jahangeer et al., 2020). Differently from encephalitis byAcanthamoeba,N. fowleri infection has no
association with immunocompromise (Visvesvara et al., 2007). As a thermophilic species,N. fowleri supports temperatures up to
45◦C, proliferating preferentially in warm water. In most cases, patients affected by PAM had a history of recreative activities in
water, which propitiate the contact with amoebas with the nasal mucosa. The protozoan reaches the olfactory neuroepithelium
and progresses through the cribriform plate, penetrating the brain parenchyma. N. fowleri trophozoites engulf host cells using
food-cup structures or amoebostomes, and along with other cytopathic factors such as phospholipases, neuraminidase, metal-
loproteases and perforin-like proteins, determine tissue damage and a picture of hemorrhagic meningoencephalitis (Jahangeer
et al., 2020; Visvesvara et al., 2007). The initial symptoms are like bacterial meningoencephalitis, with an onset of headaches,
fever, nuchal rigidity, nausea and vomiting, followed by other neurological symptoms, which usually evolve to death in 3–7 days
if not treated promptly (Jahangeer et al., 2020; Visvesvara et al., 2007).

. Non-trypanosomatid flagellates

1.5.1 Giardia intestinalis

The flagellate protozoan Giardia intestinalis (syn. G. lamblia, G. duodenalis) is a globally distributed intestinal pathogen that
causes diarrhea and can affect above 30% of the population in developing countries. The infective stages, the cysts, can contam-
inate water and food when excreted with the feces of from both humans and other animals. Therefore, giardiasis is considered a
waterborne, foodborne and zoonotic infection, with several outbreaks reported worldwide (Feng&Xiao, 2011; Leung et al., 2019).
The ingested cysts hatch on the duodenum releasing an intermediary forms (exozoites) that divides and originate pear-shaped,
binucleate, octa-flagellated trophozoites, in a process stimulated by the low pH of the stomach and a subsequent exposition to bile
salts and trypsin in the small intestine (Ankarklev et al., 2010). Trophozoites adhere to the intestinal microvilli using a typical suc-
torial ventral disc, causing epithelial lesions that result in diarrhea associated or not to malabsorption syndrome in symptomatic
patients (Ankarklev et al., 2010). The inverse process, the encystation, involves the detachment of trophozoites from epithelia,
cell rounding and cyst wall production (Einarsson et al., 2016).

The knowledge about the formation of vesicular structures byGiardia dates to the 80s and 90s, with the description of periph-
eral vesicles (PVs) and encystation-specific vesicles (ESVs) (Feely & Dyer, 1987; Reiner et al., 1990). The formers, associated with
nutrient uptake, underlie the plasma membrane on the dorsal surface and in some regions of the trophozoite suctorial disc, rep-
resenting an endosomal-lysosomal complex concentrated in a single system (Lanfredi-Rangel et al., 1998). ESVs emerge as soon
as the encystation stimulus occurs and are later externalized in the plasma membrane, releasing proteins to make up the cystic
wall (Reiner et al., 1990). ESVs externalization occurs through an incomplete process of exocytosis, in which the membranous
segments are disrupted but can reseal, forming empty vesicles (Nievas et al., 2018).
Although PVs and ESVs were previously known to be involved in endocytic pathways, they do not typically represent shed

EVs. However, recent findings indicated that PVs exhibit characteristics of the multivesicular bodies (MVBs) (Midlej et al.,
2019), which in turn are involved in the biogenesis of exosomes (Théry et al., 2002, 2009, 2018). Consistent with these findings,
more recently, Grajeda et al. (Grajeda et al., 2022) demonstrated that G. lamblia trophozoites release two types of bona fide EVs:
exosomal-like nanoparticles (<100 nm), named small vesicles (SVs), and microvesicle-like nanoparticles, named large vesicles
(LVs, 100–400 nm). Proteomic analysis of the giardial SVs and LVs revealed they were enriched in potential virulence factors.
Treatment of trophozoite forms with lipid-raft disruptors, such as nystatin and oseltamivir, led to considerable changes (mostly
downregulation) in the differential expression of virulence factors in the giardial SVs in comparison with control parasites.
Finally, treatment of C57BL/6 mice with oseltamivir resulted in a significant reduction of parasite burden, suggesting a role of
secreted giardial EVs in the establishment and dissemination of the infection.
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1.5.2 Trichomonas vaginalis

Considered themost common non-viral agent of sexually transmitted infections,Trichomonas vaginalis is a flagellated protozoan
that inhabits the urogenital tract of men and women. Although a treatable infection, trichomoniasis has an estimated of 276.4
million cases per year worldwide (World Health Organization, 2012). It causes vaginitis and cervicitis in the female genital tract,
while in males the infection tends to be asymptomatic or cause mild symptoms (Ryan et al., 2011). The infection has been also
associated to the acquisition of other health conditions such as cervical and prostate cancer, infertility, prematurity in pregnancy
and HIV infection (Bala & Chhonker, 2018).
Trophozoites are the only stage in the life cycle, presenting and ovoid shape, with four anterior flagella, a single posterior

flagellum forming an undulant membrane and an axostyl passing through the cell until the extracellular environment (Edwards
et al., 2016). During the contact with the urogenital area, the parasite assumes an ameboid shape, interacting with epithelial
cells through primary cytoadherence mediators as surface lipophosphoglycan, adhesins and glyceralde-hyde-3-phosphate dehy-
drogenase (GAPDH). The process results in inflammatory response with neutrophilic infiltration, which contributes to damage
the epithelia, while other released factors as CP30 cysteine proteases and polyamine compounds are involved in epithelial cell
cytotoxicity and apoptosis (Edwards et al., 2016).

. Helminths

Helminthiases are parasitic diseases with a high prevalence. It has been reported that at least 1.5 billion people worldwide, which
represents at least one-sixth of the estimated human population (8 billion, as for November 2022), are infected by parasitic
helminths (Hotez et al., 2008; WHO, 2020). The most common helminthiases are caused by infection with intestinal helminths
(i.e., ascariasis, trichuriasis and diseases caused by hookworms), followed by schistosomiasis and filariasis (Hotez et al., 2008).
These diseases can produce mild to severe symptoms, and at times can be deadly.
Helminths include flatworms (Trematodes andCestodes) and roundworms (Nematodes), which exhibit great diversity in their

biology and life cycles, including different intermediate and definitive hosts. Of the many species that exist in these groups, about
half are parasitic and some are important human pathogens. Helminths establish long-term infections presumably bymodulating
the host immune response for survival, releasing excretory-secretory products containing EVs (Drurey & Maizels, 2021).
The first description of “smallmembrane-limited vesicles” by helminths dates to the 1960s, where some of these structures were

observed by TEM in Fasciola hepatica and Schistosoma mansoni (Threadgold, 1968). In 1989, Andresen and collaborators coined
the term ‘extracellular vesicles’ to refer to structures apparently secreted by Echinostoma caproni (Andresen et al., 1989). How-
ever, it was not until 2012 when Marcilla and co-workers isolated and characterized these vesicles following protocols developed
for mammalian EVs, which include ultracentrifugation, TEM, immunogold labelling and proteomics, identifying an important
mechanism for protein transport in trematodes (Marcilla et al., 2012). Later, the same group also identified, for the first time, the
presence of miRNA in helminth EVs (Bernal et al., 2014). Since then, EVs have been characterized frommany species of parasitic
helminths, and considerable evidence supports important functions for their cargo (proteins and miRNA) in host-parasite rela-
tionships (Drurey &Maizels, 2021; Sanchez-Lopez et al., 2021; Sotillo et al., 2020; Tritten &Geary, 2018). A very recent review has
outlined best practices for those investigating the biology of helminth derived EVs to complement the MISEV guidelines (White
et al., 2023).

 SPECIFICMETHODOLOGIES FOR ISOLATION, CHARACTERIZATION, AND
PURIFICATIONOF EVS FROM PARASITES

. Protocols to obtain the EVs isolated from parasites

2.1.1 Species, parasites forms, sample types and experimental conditions

Different protocols are available for the isolation, characterization and purification of EVs from nonpathogenic and pathogenic
parasites. Therefore, it is crucial to report all experimental procedures to maximize the number of known and reportable param-
eters, allowing for their standardization and comparison (Théry et al., 2018). Different life-cycle stages of parasites release EVs in
many other hosts. The protocols to isolate and characterize EVs should be efficient, rapid and reproducible. The gold standard
protocol should be able to enrich the EVs and avoid contamination with non-vesicle components, such as soluble molecules
released by the parasite and host cells, fetal bovine serum proteins, and host biofluid-derived proteins. Many techniques are used
to isolate and purify EVs from isolated parasites, biological fluids and in vitro infected cell cultures. These techniques include
differential centrifugation/ultracentrifugation, affinity-based capturing (e.g., antibody-immobilized magnetic beads or resins),
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ultrafiltration (UF), size-exclusion chromatography (SEC) and asymmetrical flow field-flow fractionation (AF4) of EVs. The
literature is incipient in standardized methods and protocols by which highly enriched or purified EVs can be obtained from
pathogens. The great challenge is the complex nature of EVs and their various biochemical and biophysical properties, which
should be considered for their use in research and clinical applications, for example, as biomarkers of diseases. The general
techniques for obtaining and characterizing EVs released by parasites are described below.

2.1.2 Isolation and purification of EVs

Isolation and purification of parasites EVs bear the same considerations as those for collecting. EVs fromother eukaryotic sources
such as cell- and tissue-culture samples and human and experimental animal specimens (Torrecilhas et al., 2012, 2020). One
significant advantage of working with parasites is that they can often be cultured in large quantities in the laboratory; therefore,
EV collection can be scaled up more easily. However, there is also a significant challenge in isolating EVs from field strains of
protozoan parasites and some helminths that are difficult to grow using laboratory conditions. Furthermore, the quantity of EVs
released by different parasite species, strains and/or life-cycle stages can vary greatly, limiting the available number of isolation
protocols that can be used for low-abundance and/or low-producing EV parasites (and their strains and developmental forms)
isolated from invertebrate and vertebrate hosts. Parasite viabilitymust also be considered when using a culturemediumwith little
or no exogenous amino acids, proteins, growth factors, carbohydrates, lipids and other components required for cell growth and
maintenance to collect EVs.

2.1.3 Centrifugation and ultracentrifugation

Centrifugation (C), ultracentrifugation (UC) and differential ultracentrifugation (DC) are the primary methods used by many
research groups in the field of parasite EVs. The methodology is simple and the first choice for collecting and enriching EVs
from parasites. These protocols have many steps until the enrichment or purification of parasite particles. The first step is elimi-
nating debris from parasite-infected and uninfected cells, considering that usually not all host cells are infected; even if they are,
the process is often asynchronous. Initial low-speed spin centrifugation is recommended for EV samples from parasites and/or
infected cells, depending on the type of organism. In the case of helminths, this step is essential to either remove or collect the
eggs released by the parasite during the incubation (removal of eggs from helminths, 400 x g for 15 min). The next step is to
remove the larger-size vesicles and additional debris (from infected and uninfected cells and parasites) from the supernatant.
The final high-speed spin is applied at 100,000–120,000 × g for 2–24 h to precipitate all EVs, including small- and large-particle
sizes from pathogenic parasites. Onemore step, additional centrifugation at 10,000× g for 3 h, can be added after the initial debris
removal, which allows for the recovery of large vesicles (Baek et al., 2016; Sidik et al., 2016). This additional step increases the
enrichment of the isolatedmicroparticles (MPs) ormicrovesicles (MVs) but does not reduce the isolation time. Some purification
protocols based on differential centrifugation are coupled to membrane filtration to eliminate large contaminants from parasites
before the ultracentrifugation step. In our experience centrifugation protocols of different organisms should be checked to avoid
contamination with soluble glycoproteins, lipoproteins, nucleic acids and other ‘sticky’ or charged macromolecules (e.g., host-
derived ribosomal proteins, histones and proteoglycans, and parasite-derived glycolipoconjugates and polysaccharides) that may
bind nonspecifically and/or specifically to the MPs/MVs. Therefore, to improve the purification of MPs/MVs from parasites, it
is necessary to use a further step of sucrose-gradient centrifugation. However, it demands (i) availability of ultracentrifuge; (ii)
technical expertise; (iii) additional purification steps and, thus, potential EV loss; (iv) contamination with soluble molecules.
Alternatively, it is possible to perform SEC or iodixanol gradient, which forms isosmotic solutions and provides preservation of
EVs (Kuipers et al., 2022).

2.1.4 Size-exclusion chromatography (SEC)

The SEC principle is protein separation and fractionation of particles according to size. The column used in SEC contains a
stationary matrix made of Sepharose. Inside the column, big particles elute faster than smaller ones, which are slowed down by
entering the pores of the polymer. Over the last years, SEC technique has gained popularity in the field of EVs, the advantage of
this procedure is reproducibility, speed and simplicity to perform, mainly with small volumes (1 mL with 108–109 particles/mL)
of EVs samples obtained from supernatants of parasites, infected cell cultures or fluids isolated from patients. In addition, it
maintains the particle properties and integrity (Bayer-Santos et al., 2013; Cortes-Serra et al., 2022, 2020; Ribeiro et al., 2018;
Trocoli Torrecilhas et al., 2009). Usually, EVs are larger than soluble contaminants from culture media, or body fluids such as
serum components. It can also fractionate different EVs populations that can be further recognized by the presence of specific
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antigens (Ribeiro et al., 2018; Trocoli Torrecilhas et al., 2009). In malaria, has been recently used to purified EVs directly from
plasma of P. vivax-infected patients or from liver-humanizedmousemodels (Gualdron-Lopez et al., 2018, 2022; Toda et al., 2020).
It is also possible to use immunocapturemethods with specific antibodies, for example, recognizing specific parasitemolecules

(Atayde et al., 2019a, 2016; Dong et al., 2021; Nogueira et al., 2015; Ramirez et al., 2018; Ribeiro et al., 2018). For example, T.
cruzi EVs is enriched with molecules modified by α-galactosyl residues that are recognized by specific antibodies developed by
Chagasic patients. Alternatively, fractions can be characterized by proteomic techniques (Bayer-Santos et al., 2013; Ribeiro et al.,
2018), which allows detection of additional components that can be present either in the lumen or in the membrane of EVs after
additional fractionation.

2.1.5 Ultrafiltration (UF)

The UF techniques using membranes that allow passage of proteins with sizes smaller than EVs is also an efficient method to
concentrate and purifyMPs particles fromparasites. It usesmembranes with different pore sizes attached to centrifuge cartridges.
Microparticles larger than the pore size (30–100 kDa) is retained with the passage of small components and soluble proteins.
Therefore, it can be employed to obtain different populations of EVs. It does not remove non-vesicle aggregates or large proteins
like the previous methods. The UF method can be combined with SEC or ultracentrifugation to generate highly enriched or
purified EVs from parasites or infected host cells (Ofir-Birin et al., 2021).

2.1.6 Asymmetrical flow field-flow fractionation (AF4)

The AF4 method fractionates EVs from parasites and other cells based on their hydrodynamic sizes (Abou Karam et al., 2022;
Zhang & Lyden, 2019). The loading sample containing EVs collected from parasites is injected into a small chamber with two
semipermeable membranes. The separation occurs through the interaction of the EVs with two distinct flows (a cross flow and
a parabolic flow) (Zhang & Lyden, 2019). The AF4 method is an efficient method to recover EVs, and it is reproducible and
preserves the membrane integrity. Since there is no unspecific membrane adherence in the AF4, a lower loss of EVs than in the
SEC or UF approach is observed. Nevertheless, it is vital to start with a partially purified total population of EVs, previously
isolated by other procedures (i.e., SEC, UC or UF), to guarantee a longer life of the membrane of the AF4 equipment.

2.1.7 Affinity capture of EVs

Immobilized molecules that bind to known components of the EVs surface can be additionally employed to isolate and/or purify
particular populations of EVs. It is recommended to use immune-capture methods with specific antibodies to parasite ligands
(Atayde et al., 2015, 2019b; Dong et al., 2021; Nogueira et al., 2015; Ribeiro et al., 2018). However, this depends on the availability of
specific antibodies and known parasite ligands, which are only sometimes possible when working with parasites. The antibody or
ligand is covalently coupled to a resin (i.e., agarose, Sepharose, etc.) or magnetic beads. The EV sample is then incubated with the
immobilized antibody or ligand. The resin or magnetic beads is/are extensively washed with a physiological neutral buffer (e.g.,
PBS, Hepes) to remove non-specific interactors. Finally, the resin/magnetic beads is/are eluted with a mild acidic solution (e.g.,
50 mM citric acid, pH 2.8). This approach has been recently adapted to purify EVs derived from P. vivax-infected reticulocytes
using the transferrin receptor (CD71) as one of the primary surface markers presented in reticulocyte-derived EVs (Aparici-
Herraiz et al., 2021). This method can be adapted to small sample volumes and complex biological fluids. EV populations devoid
of the specific ligand are found in the unbound fractions and further purified by the previously described methods.

2.1.8 EVs derived from in vitro infection of host cells

The host cells, such as macrophages, red blood cells, and epithelial and endothelial cells infected with parasites, can release
EVs containing molecules originating from the host and/or parasites (Cronemberger-Andrade et al., 2020; Diaz-Varela et al.,
2018; Hassani & Olivier, 2013) that can stimulate other host cells of the immune system (Cronemberger-Andrade et al., 2014).
For example, considering Leishmania spp., T. cruzi and Plasmodium are intracellular parasites, studying these EVs is essential to
better understand the pathogenesis of protozoan parasites. However, themaintenance of these cultures and the obtention of these
EVsmust be performed very carefully. Host cells must be cultured withmedium-free vesicles to avoid artifacts and/or exogenous
EVs (e.g., derived from fetal bovine serum or AB serum). It is critical to assess whether commercial EV-depleted FBS or human
serumwill be prepared in-house. These sera can be obtained after an ultracentrifugation process to remove the EVs, considering
the methods established by MISEV 2018 (Théry et al., 2018). Other factors that should also be considered are cell viability, the
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absence of microbial contamination (including routine mycoplasma testing), confluence and cell passage for immortalized cells
(Ramirez et al., 2018).
When isolating EVs from cultured parasites, it is essential to use fetal serum free of vesicles or serum-free medium. It is also

necessary to check for the parasite viability to avoidmembrane fragments derived from damaged cells and employ homogeneous
cultures containing a determined life cycle stage to prevent secondary contamination. In the case of parasites directly derived
from host cells, washing the parasites is necessary to ensure that host EVs are not present. Moreover, cells in culture must be
PBS-washed after infection to remove non-internalized parasites that can release vesicles into the extracellular medium and
contaminate the released parasites. On the other hand, EVs can be isolated from parasite-infected cells. This can be achieved
by several methodologies, as described above. In this case, it is crucial to avoid the presence of extracellular parasites. These
methodologies have advantages and disadvantages and must be used and chosen depending on the experimental model, the
kind of EVs, and the intended functional studies.

2.1.9 EVs derived from in vitro protozoan cultures

Considering the possibility that some parasites can grow independently of host cells, two main approaches can be envisioned to
obtain EVs. The first and more commonly used involves the discontinuous growth of the parasites. This approach requires the
culture of the parasite to the desired growth phase in a standard medium and then performing transient sub-cultivation of the
parasites for a defined time frame in a minimummedia and recovering the minimum spent media for the analysis. Another pos-
sibility is a continuous approach in which the parasites are grown in a definedmedia (or cultivated with an FBS-depletedmedium
or human AB-blood type serum). Then the spent medium is recovered for analysis. The discontinuous approach requires wash-
ing the parasites to remove any medium contaminants, cellular debris, and naturally produced EVs during the parasite’s growth.
A continuous approach maintains the parasite in the medium of interest without change. The discontinuous approach is the
most employed. It has been used with success to evaluate the effect of temperature (26◦C–37◦C) and pH in EVs production,
to compare different species, strains and mutants, and different stages of growth (Gomez & Olivier, 2010; Gomez et al., 2009;
Hassani & Olivier, 2013; Hassani et al., 2014; Nogueira et al., 2015; Paranaiba et al., 2019; Silverman & Reiner, 2011; Silverman
et al., 2010b). This approach is the most adequate for evaluating de novo EV production in specific conditions. Still, the most
significant limitation to this approach is that the parasites will respond to the environment change (pH, osmolality) associated
with the washes and the new media adaptation, leading to a stress response that might cause a specific EV profile. The temper-
ature increases, pH decreases and drug-induced stress can lead to the rise of EVs production, suggesting that EVs release is an
environmentally coordinated process (Hassani et al., 2011; Perez-Cabezas et al., 2019). Consequently, different EV populations
might be under or overrepresented during the media change. There are already reports that suggest the existence of distinct vesi-
cle populations with varying sizes after flotation in a sucrose gradient in L. infantum (Perez-Cabezas et al., 2019). Further studies
to address the relevance of these populations are required. A continuous approach presents different limitations and advantages.
Themain advantage is that the EVs produced are representative of the parasite’s expected growth, enablingmore informed stage-
specific comparisons without the shock of media change. The main caveat in this approach is that debris from dead parasites will
interfere with the analysis depending on the cultivation time. In 2013, a study compared the effect of the two approaches on EVs
recovery using logarithmic and stationary L. infantum (Esteves et al., 2022; Santarém et al., 2013). Significantly, most differences
were not qualitative but quantitative, with very different relative proteomic compositions. This fact, compiled with the possibility
of distinct EV populations existing, must be considered for the experimental setup avoiding a ‘one approach fits all question’.
Considering this, several aspects related to the recovery should be reported, the medium used before and during collection, the
specific culture conditions, flask size, the volume of medium per flask, time of culture, initial inoculum, number of passages of
the parasites and elapsed time of washes, the interval before conditioned media harvest. Accurately defining all these parame-
ters is essential for establishing a solid scientific baseline and better interpreting the generated data. The recovery process from
conditioned media is simple and not much different than for other approaches; if the conditioned medium does not contain FBS
or is fully defined, the samples recovered will be purer and easier to purify. Standard ultracentrifugation/ultrafiltration or SEC
can be used to obtain EV preparations. Complementary approaches like that must always address the purity of the preparations
and will be further characterized by protein quantification methods, bead-based assay, NTA, western blot and TEM. The purity
and quality of the preparations must always be accessed even if using established protocols. Finally, it is important to consider
whether the in vitro conditions represent the natural environment of the parasite.

2.1.10 EVs derived from animal models

Rodent models, mouse, and hamster models specifically, are commonly used to study parasite infection in vivo (Dupin et al.,
2021; Torrecilhas et al., 2012, 2020; Trocoli Torrecilhas et al., 2009). Both host cells and host EVs can be collected from different
biological fluids following distinct routes of infection to assess host immune response to parasite infection. This approach has
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some limitations. For example, in the case of Leishmaniasis, host cells from rodent spleens, lymph nodes and lesions can be
collected when using a dermis infection model, but the isolation of EVs from such models has so far been unsuccessful. In these
cases, it ismore practical to collect and culture immune cells from these tissues and perform an ex vivo infectionwith the parasite.
The collection of parasite EVs from in vivo infectionmodels is also very challenging, as it remains practically impossible to collect
parasite EVs in significant quantities compared to host EVs and the methods to separate parasite EVs from host EVs are also
currently out of reach. To Leishmania parasites, efforts have been made to identify specific protozoa parasite EV biomarkers, but
such results are still untested in terms of practical use (Torrecilhas et al., 2020). Once such biomarkers are confidently identified
and tested, high resolution flow cytometry will prove invaluable to investigating the action of protozoa parasite EVs within the
animal model.
The identification of biomarkers along with a greater understanding of parasite EV biogenesis can also be used to tag parasite

EVs, providing an alternative way to track parasite EVs within the host. One confounding factor is that host macrophage EVs
often express parasite proteins once infected, which can obscure such methods. Another example consists of CD, in which one
of the in vivo models consists of intraperitoneally infecting of mice. In the acute phase, the blood of infected animals contains
parasites that can be used to recover parasites or blood extracellular vesicles. These materials can be used to understand how
EVs participate in the interaction with the mammalian host and if they can act in the promotion and/or progression of the
disease (Trocoli Torrecilhas et al., 2009). Otherwise, if no parasites can be recovered after the resolution of the acute infection,
the presence of EVs in blood becomes an experimental challenge. One of the major remaining questions is the actual role and
presence of parasite released EVs in the hosts. Otherwise, it is accepted that infection induces the host to release EVs, that might
or might not contain parasite components. In most cases, this remains to be shown and sensitive methodologies to detect their
presence should be established.
In the particular case of malaria infection, studies based on the use of reticulocyte-prone malaria rodent models such as P.

yoelii demonstrated the presence of parasite proteins in plasma-derived EVs and showed that reticulocyte-derived exosomes
from infected mice protected immunized animals against lethal P. yoelii XL infections (Martin-Jaular et al., 2011). Additionally,
this protection was spleen-dependent and involved CD8+ T cell mediated immune response (Martin-Jaular et al., 2016). In these
studies, EVs were purified directly from plasma of infected mice by differential centrifugation, followed by a density gradient in
30% sucrose. For some applications, EVs were also obtained from ex vivo parasite cultures enriched through a percoll gradient
andmaintained in EV-depletedmedium for 24 h. After this period, EVs were isolated following the samemethodology described
above.
Recently, studies involving liver-humanized mouse models, which can sustain P. vivax infections, have enabled the study of

PvEVs. Thus, using this liver humanized mouse model bearing P. vivax pre-erythrocytic stages, parasite proteins were identified
in EVs coming from plasma of these infected liver humanized mouse model, which represents new avenues for the research of
biomarkers for vivax liver infection, including hypnozoites (Gualdron-Lopez et al., 2022, 2018). In contrast to previous studies,
EVs were purified by SEC using 300–500 μL of plasma from malaria-infected liver-chimeric humanized mice.

. EV characterization

EVs are complex membranous structures that contain several biomolecules of interest such as lipids, nucleic acids, proteins
and metabolites (Colombo et al., 2014; Théry et al., 2009; Torrecilhas et al., 2020). These molecules have been exploited in the
context of several models in EVs research to generate information about biological functions and interactions and in the context
of biomarker development (Madeira et al., 2021). EV characterization should include multiple, complementary techniques to
assess the results of separation methods and to prove that biomarkers or functions are associated with EVs and no other co-
isolatedmaterials (Cortes-Serra et al., 2022;Madeira et al., 2022; Théry et al., 2018). The characterization of EVs can be performed
considering the following aspects: quantification; general characterization, including electronmicroscopy, content (protein, lipid,
metabolites, nucleic acid); at the level of the entire population or at in single EVs.

2.2.1 Quantification of EVs

As mentioned in MISEV 2018, both the source of EVs and the EV preparation must be described quantitatively. This includes
descriptions of the parasite number/concentration, culture volume, culture media, experimental conditions, initial and final
volume of EVs collected. EVs themselves can be further quantified based on the number of particles, their total protein and lipid
amount and their DNA/RNA content. This quantification can be used to assess the purity of the EV sample by analyzing their
components and ratios (Théry et al., 2018). It is also recommended to describe the time and the temperature of EVs storage before
such analyses.
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2.2.2 Particle quantity and size

Parasite EVs aremost quantified using nanoparticle tracking analysis (NTA), a light-based technique that calculates vesicle quan-
tity and size using Brownian motion (Vucetic et al., 2020). NTA is also compatible with fluorescent tags, allowing identification
of EV subpopulations based on specific biomarkers (Thane et al., 2019). Tunable resistive pulse sensing (TRPS) is an alternative
to NTA that boasts higher dynamic range, using a voltage-gated pinhole to physically count passing particles (Blundell et al.,
2015). However, it cannot be used to separate EVs subpopulations. High-resolution flow cytometry using instruments specifi-
cally designed for nano-sized can also be used in the context of parasites. However, there is a general lack of markers that can be
confidently used to distinguish parasite EVs. Although TEM can be used to determine particle size, this is often labor-intensive
and heavily reliant on the expertise of the user. Additionally, visual artifacts resulting from sample preparation can negatively
impact results (Koritzinsky et al., 2017).

2.2.3 Total protein and lipid amount

Protein concentration can be measured by any standard colorimetric assay, though assay specificity can be a major factor in
choosing the type of assay. Samples can be lysed using detergent, though diluting EV samples in ultrapurewater achieves sufficient
EV lysis for an accuratemeasurement. It should be noted that, depending on the efficacy of sample washes, co-contaminants from
the culture media may be present, especially when only ultracentrifugation is used. Lipid quantification can be achieved using
sulfovanilin assay, fluorescent dyes that incorporate intomembrane bilayers or Fourier transform infrared spectroscopy, but such
assays are still limited in scope and accessibility. They are most useful for determining and discriminating protein: lipid ratios
(Skotland et al., 2019, 2020).

To demonstrate the presence of lipid bilayer, at least one transmembrane, or GPI-anchored protein must be detected. For
example, presence of knownmembrane proteins, indicates a membranous nature of the particle (Atayde et al., 2015, 2019a; Théry
et al., 2018). To demonstrate that parasite EVs do not containmore than open cell fragments at least one cytoplasmic protein with
lipid or membrane protein-binding ability must also be shown (Théry et al., 2018). Cytoplasmic proteins reported so far are heat
shock protein (Marcilla et al., 2014, 2012), actin or tubulin (Silverman & Reiner, 2011), demonstrating that the EVs preparation
enclose intracellularmaterial. These proteins, which are associated to themembranemust be released after particles solubilization
by detergents. Purity controls are needed and include proteins found in most common co-isolated contaminants, for example,
HGPRT, apolipoproteins and albumin (Atayde et al., 2019b). Non-proteinmarkers, for example, phospholipids, RNA, DNA (with
strictly nuclear RNA or DNA as negative control) (Mu et al., 2021) can be used to better characterize the parasite EVs.

2.2.4 Proteomics

Most research related to the systematic identification of biomolecules in parasite EVs is made by proteomic characterization.
EVs can carry known virulence factors (Douanne et al., 2020; Ribeiro et al., 2018), which are detected by proteomic studies
and that might be enriched in more virulent parasites (Nogueira et al., 2015). Interestingly, although a generic conserved core
set of proteins is consistently detected, further research is required to define a set of proteins that might be specific to an EVs
subpopulation as a measure of EVs purity (Sotillo, 2022). Most proteomic approaches involve the extraction of proteins from the
isolated EVs, the separation of the extracted proteins, and their digestion before MS analysis. Proteins will be usually extracted
using a detergent or non-detergent lysis buffer. QuantitativeMS-based on label and label-free approaches can be used depending
on the scientific question. Most concerns related to the generation of proteomics data sets are related to the EVs purification
process and storage of the sample, thus it is essential to define, characterize and standardize the pre-analytical conditions such as
freezing and storage in comparative studies on EVs to obtain consistent data. Since parasites aremade up of complex, heterogenic
subpopulations, EVs’ proteomic profiles can show significant fluctuations in both richness and diversity. For this reason, it is
strongly recommended to consider the inclusion of several replicates per biological condition or many EVs proteomes to gain
biological significance (Sotillo et al., 2020). On the other hand, it is important to guarantee that the peptides detected are derived
from the EVs and not from free protein contaminating the preparation (e.g., from cell culturemedia).While not perfect, different
ratios such as the number of particles per microgram of protein could help when assessing the amount of non-EV derived free
protein (Bayer-Santos et al., 2013; Forrest et al., 2020; Nakayasu et al., 2012; Sotillo, 2022).
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2.2.5 Western blot or enzyme-linked immunosorbent assay (ELISA)

Themost widely usedmethods to demonstrate the presence of a particular protein in EVs areWestern blot and ELISA. Inwestern
blot, proteins are separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to a membrane for
further immunoblotting of specific EV-related proteins, such as tetraspanins or specific EV-parasite proteins (Toda et al., 2020).
Similarly, in the ELISA technique, EV samples are tested using antibodies against classical EVmarkers. These techniques require
a large sample volume, extensive processing and specialized instrumentation (Nogueira et al., 2015; Ribeiro et al., 2018; Trocoli
Torrecilhas et al., 2009).

2.2.6 DNA/RNA characterization

The characterization of RNA content in EVs is a hot subject, considering the known capacity of exosomes to deliver their cargo
and induce phenotypic changes in target recipient cells. In distinct protozoan parasites, the RNA molecules present in EVs have
been characterized. In Leishmania, EVs were reported to contain mostly non-coding RNAs, detected in two distinct species
(Lambertz et al., 2015). In T. cruzi, the EVs also presented a variety of small RNAs derived from rRNA, tRNA, CDS, snoRNA,
pseudogene and snRNA fragments (Fernandez-Calero et al., 2015). In malaria, has been reported several studies demonstrating
the presence of small non-codingRNA inEVs (Babatunde et al., 2018;Mantel et al., 2016, 2013), aswell as parasite gDNA (Sisquella
et al., 2017). In T. vaginalis, tRNA-derived fragments consisting of small RNAs were the most abundant RNAs present in EVs
(Artuyants et al., 2020). The potential of RNAs to be involved in host-pathogen interactions is real and further studies involving
their characterization will clarify their possible roles in parasite biology, infection and disease. A crucial step to characterize
the RNA content inside EVs is to perform DNAse and RNase treatment before RNA extraction to prevent the identification
of molecules outside the EVs. The RNA can be extracted using a variety of kits commercially available kits. It is worth noting
that as most of the molecules present in EVs are smaller than 200 nt, it is important to use a kit that includes this size of RNAs
in the extraction. As the yield of RNA obtained can be very low (picograms), it is necessary to quantify the RNA by sensitive
methods such as Qubit miRNA assay or a bioanalyzer high sensitivity kits. The most frequent downstream analysis of the EV-
RNA characterization is the qPCR or Next-generation sequencing. Notably, the characterization of EV type-specific RNA cargo
remains highly challenging and strongly depends on the purification method (Cucher et al., 2021; Sotillo et al., 2020).

2.2.7 Lipidomics and metabolomics

Lipids are the primary components of EVs, though, the systematic evaluation of these components is limited. The knowledge
obtained from lipidomic on parasite EVs can contribute to defining specific EV subsets and might also contribute to finding
new biomarkers of infection and new therapeutic approaches. The main recommendations for lipidomics involve the accurate
reporting of pre-analytical parameters for proper interpretation of the results. So far, the impact of different pre-analytical vari-
ables in the EV lipidome has not been thoroughly evaluated. The capacity of EVs with unique lipid composition to bind and
induce specific molecules in immune cells demonstrates that lipids from EVs are relevant players in host-pathogen interactions
(Cucher et al., 2021; Sotillo et al., 2020).
Molecules with size below 2 kDa are considered biologically relevant metabolites (Williams et al., 2019). Metabolomics is

the newest of the omics technologies and it has been fundamental in the discovery and validation of pathways in the para-
sitic protozoa. Unsurprisingly, its application to the study of EVs is continuously growing in relevance (Skotland et al., 2020;
Williams et al., 2019). Interestingly, the metabolite systematic characterization can be applied alongside proteomics to evaluate
functional enzymes in the EVs and address the metabolite composition of EVs under specific stimuli. The field of metabolomics
contains the promise of delivering the most basic explanations for complex biological phenomena. In fact, research areas like
immunometabolism are now of growing interest. Metabolomic studies of EVs are still limited and the impact of different pre-
analytical variables has not been evaluated (Skotland et al., 2020; Williams et al., 2019). Such accurate reporting is recommended
for the establishment of solid foundations for this nascent field.

2.2.8 Electron microscopy

Parasites EVs are most imaged using TEM using a simple negative stain technique (Vucetic et al., 2020) or by cryo-electron
microscopy (cryo-EM). EVs should demonstrate a double lipid bilayer. EVs derived from infected host cells can additionally be
immunogold-labeled. Parasite EVs can be labeled as well once parasite EV proteinmarkers are confidently identified (Chuo et al.,
2018). Protozoa parasites can be sliced and imaged by TEM to observe EV release at the cellular level (Atayde et al., 2019b). Most
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parasites, including, protozoa, can also be imaged by scanning electronmicroscopy (SEM) to observe EV release from the parasite
surface (Nogueira et al., 2015; Ribeiro et al., 2018). The TEM images of the EVs show nanoscale resolution. The produced images
can be further used for measuring particle size. TEM and cryo-EM are techniques that can be used to characterize parasite
releasing EVs, or EVs already isolated from parasite-infected cells (Gualdron-Lopez et al., 2018; Sisquella et al., 2017). TEM
and cryo-EM have a lot of advantages, sing these approaches, the morphology of the EVs can be kept intact maintaining the
ultrastructure. The images from microscopy are the best approaches to verify spherical and lipid bilayer membranes of EVs.

2.2.9 Flow cytometry (FC)

Flow cytometry (FC) has been widely used for the characterization of EV surface markers and is one of the more frequently
used techniques. Size and morphology are also measured through flow cytometry. Flow cytometers capture the scattering and
fluorescence signal generated by individual particles when these are illuminated by a laser beam while passing through a nozzle.
Unfortunately, most of the conventional flow cytometers cannot measure small particles since the detection limit is around
300 nm, they are within the electronic noise of the instrument (van der Pol et al., 2018). Thus, the most widely used solution is
the coupling of EVs to beads (latex) of a bigger size that later will be recognized by antibodies fluorescently labelled against specific
surface EV-markers and further analyzed by the cytometer (Cortes-Serra et al., 2020; Toda et al., 2020). In 2020 a guideline has
been proposed by a MISEV group as the Minimum Information about a FC experiment (MIFlowCyt) to improve the capacity
to analyze and interpreter FC data (Welsh et al., 2020). It describes standardization assays to support the development of new
instruments for EV studies.
Recently, a new flow cytometer (Cytoflex from Beckman Coulter) with a higher sensitivity of forward scatter detection, flu-

orescent amplification, and high-resolution imaging have been developed to distinguish stained exosomes from background
contaminants (Brittain GC 4th et al., 2019). In addition, the Nano-flow Cytometer (NanFCM) has been developed to detect par-
ticles from 7 to 1000 nm. Cytoflex detects particles below 300 nm, because of its increased sensitivity, which cannot be seen by
conventional flow cytometry. The scattering provides information about the size of different populations of EVs, quantification
and the expression of parasite molecules present on the surface of EVs isolated from the parasite, infected cells markers, cellular
debris, parental cells and beads. Labelling with fluorescentmolecules that intercalate in the lipid bilayer or fluorescent ligands can
be used to increase specificity and sensibility of analysis. The NanoFCM also combines fluorescence detection and side scatter at
high speed, which allows detect of several types of nanoparticles (Caputo et al., 2021).
An alternative to detect, fluorescently labelled sub-micron size is to use Imaging Flow Cytometry (IFC) (Droste et al., 2021;

Erdbrugger et al., 2014; Gorgens et al., 2019; Headland et al., 2014; Mastoridis et al., 2018; Ofir-Birin et al., 2018; Tertel et al.,
2020). IFC combines the information-rich microscopy images with the high-throughput quantification of flow cytometry. The
most common imaging flow cytometer is ImageStream (Amnis Corp., part of Luminex, Seattle, WA). Cells pass, in a single file,
through the flow cell, where they are illuminated by a set of LEDs and lasers. The emitted light passes through a set of lenses and
is collected by a sensitive CCD camera in time-delay integration (TDI) mode, which allows the acquisition of high-resolution
images at a rate of up to 5000 cells per second. Up to 12 channels can be acquired simultaneously, two bright-field channels
and up to 10 fluorescent channels, allowing the usage of most commercially available fluorophores. As triggering is done from
all channels, an object can be detected based only on its fluorescence. This allows the detection of EVs, which are smaller than
the detection limit in the bright-field image. In addition, IFC allows the rapid, high-throughput, uniform acquisition needed to
record up to 100,000 objects within a few minutes. Since accurate quantification is challenging, inclusion of proper controls is
essential for the analysis of EVs. First, unlabelled EVs should be run to determine the background levels. Additionally, as the
number of events is dependent on the triggering of the instrument, unlabelled EVs will not necessarily appear on the bright-field
image, and without fluorescence, they will not be recorded as an event. For this reason, it is recommended to acquire the sample
not according to event number but according to volume/time.
Another important control is to verify that the acquired objects are indeed EVs and not dye aggregates, which some dyes are

known to create and are within the size range of EVs. To address this, a sample should be prepared in the samemanner as the EVs
but only with dye. Another way of distinguishing between dye aggregates or other debris and EVs is treatment with a detergent.
This should eliminate the EV signal while dye aggregates will remain intact.
A common issue in EV detection in FC is the detection of several particles as one object, as EV particles are smaller than

the laser beam (known as the swarm effect). To verify that indeed individual EVs are recorded, serial dilutions of EVs should
be performed and analyzed. The percentage or number of positive events should decrease with each dilution, but the intensity
should remain the same. If the intensity decreases as well, this will indicate that several EVs are detected simultaneously. To avoid
this, the concentration should be decreased accordingly, until individual EVs are detected.
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2.2.10 Atomic force microscopy imaging

In the amplitude modulation mode, the phase change of the cantilever oscillation is affected by the mechanical interactions
between the tip and the sample, reflecting the combined outcome of various sample properties (i.e., elasticity, viscoelasticity,
and adhesion). Therefore, the interpretation of the phase image is not (Zhong et al., 1993; Magonov et al., 1997). Phase imaging
has been used to investigate structural changes in EVs. The observed AFM phase contrast indicated a heterogeneous structure,
attributed to variable constitutive elements (lipid, protein, RNA ratio) (Sharma et al., 2010). Similarly, to the amplitude mod-
ulation mode, in the off-resonance mode, the tip approaches and recedes from the surface. The force-distance curves affected
by the tip-sample interaction are recorded in each measured pixel. From the force-distance curves, the topography and nano
mechanical properties, such as adhesiveness and elasticity, can be calculated and mapped simultaneously (Xu et al., 2018). For
example, Young’s modulus can be calculated from the stiffness and contact area calculated from the tip shape and the indentation
depth) under reversible deformation, by using contact mechanics models (Oliver & Pharr, 1992; Rosenhek-Goldian & Cohen,
2020). The elastic properties of EVs were successfully calculated from AFM force-indentation experiments, indicating changes
associated with pathological conditions such as cancer (Sharma et al., 2014) and malaria-infection (LeClaire et al., 2021; Sorkin
et al., 2018). To enable reliable AFMmeasurements, the EVsmust be well attached to a surface. Yet, the strength of the interaction
of the EVs with the surface may deform the adsorbed vesicle, leading to variations in its aspect ratio (height vs. length). Ridolfi
et.al. have shown that the mechanical stiffness of individual EVs can be estimated by the way they are deformed on the surface,
from the vesicle-surface contact angle (Ridolfi et al., 2020). Proper design of the scanning conditions is essential for obtaining
good results. For example, the presence of impurities in the EV solution may significantly influence the images obtained. Since
EVs are purified from biological solutions, even traces of proteins may compete with the adsorption of the EVs to the surface
and influence the image’s quality. Extra attention should be given to the force applied to the EVs, as EVs are soft vesicles prone
to rupture during AFMmeasurements (Vorselen et al., 2018).

2.2.11 EV bioinformatic analysis

Omics-based technologies have emerged as invaluable tools in the quest to discover and develop innovative approaches against
several parasites. Large-scale omics studies of EVs are essential to definemolecular profiles that might be associated with specific
biological roles. In fact, several studies have already shown that in vitro recovered EVs can have relevant immunomodulatory
properties (Coakley et al., 2016; Drurey &Maizels, 2021; Hoffmann et al., 2020; Montaner et al., 2014; Sanchez-Lopez et al., 2021;
Tritten & Geary, 2018; Zakeri et al., 2018) and potentially participate to the drug resistance, diagnostic (Douanne et al., 2022;
Khosravi et al., 2020; Mu et al., 2021) and disease prevention (Drurey et al., 2020; Khosravi et al., 2020; Maizels, 2021). Thus,
characterization of EVs biomolecule composition should be a priority and availability in databases should be implemented. For
example, a seminal work in 2015 reported that promastigote-derived exosomes recovered from infected sand flies are like those
produced in vitro (Atayde et al., 2015). This supports the notion that studies of in vitro produced exosomes will produce biologi-
cally relevant data. Overall, the generation of information on EVs content will be essential to clarify the biogenesis mechanism, to
define the natural biological role of EVs, to help understand relevant phenomena associated to infection host-pathogen interac-
tions and to be a source of relevant biomarkers for disease management. The generated data and associated methodologic details
should be submitted to EV-TRACK (evtrack.org) and to EV-specific databases (e.g., EVpedia, Vesiclepedia, exRNA atlas).

2.2.12 Methodological approaches to study biogenesis of the EVs of the parasites

Although EVs have been characterized and shown to play important roles in the establishment of infection, specific processes
involved in the control of EVs release and whether there are different EVs populations acting at variable levels are poorly under-
stood inmost parasites. This is particularly important andmight help to understand the disease process, evolution, and to provide
new therapeutic strategies.
In eukaryotic organisms, EVs can be generated after formation of endosomalmembranes in organelles defined asmulticellular

vesicular bodies (MVB). Usually, these structures fuse with lysosomes and are degraded. On the other hand, MVB fuses with the
plasma membrane and release vesicles described as exosomes, which the size between 50 and 150 nm (Colombo et al., 2014). In
some, but not all cases, MVB formation depends on endosomal sorting complex required for transport (ESCRT) complexes, key
accessory components that bind to themembrane surface and help in the invagination and evagination of endosomalmembranes
from several organelles. Essentially, the ESCRT-0, -I and -II complexes recognize and sequester ubiquitinatedmembrane proteins
at the MVB delimiting membrane, whereas the ESCRT-III complex is responsible for endosomal membrane budding and actual
scission of the intraluminal vesicles (ILVs) (Raiborg & Stenmark, 2009). Alternatively, lipids (ceramide and phosphatidic acid),
and tetraspanins (CD9, CD63 and CD81) can play a similar role in the MVBs and ILVs formation independently of the ESCRT

http://evtrack.org


 of 

complex (Colombo et al., 2014). Among the ESCRT proteins, VPS4 is responsible for recycling ESCRT subunits from the MVB
(Braulke & Bonifacino, 2009). It was reported that VPS4 mediate the final step of MVB pathway, disassembling terminal ESCRT
III complexes, and providing the only known energy input for ESCRT-driven vesicle budding and scission.
However, in some cells endosomal organelles can fuse with the cell’s plasma membrane and be released in the extracellular

medium. These are denominated microvesicles or ectosomes and do not display size restriction, being large as 1 μm or as small
as 100 nm. They also have variable composition, depending on their origin. Thus, different microvesicles subpopulations coexist,
with some being designed for the degradation pathway (merging with lysosomes), while others are fated for cell release (Cocucci
& Meldolesi, 2015). Nevertheless, microvesicles/ectosomes release also requires a protein called vacuolar protein sorting 4A
(VPS4), a member of the ATPase associated with diverse cellular activities (AAA) (Shestakova et al., 2010).

It was shown that VPS4 by RNAi in T. brucei significantly enhanced lysosomal degradation and induced the accumulation
of VPS23 at the late endosomes, consistent with the blocking of final ESCRT disassembly (Silverman et al., 2013). In L. major,
it was reported that the negative VPS4 mutant (VPS4E235Q) accumulated the mutated protein around vesicular structures of
the endocytic system, showing deficiency in further transport to the multivesicular tubule-lysosome (Besteiro et al., 2006). In
this work, it was also suggested that L. major VPS4 is relevant for the MVB composition, and VPS4 associated with the MVB
compartment is significant for culture differentiation and resistance to starvation. Consequently, affecting VPS4 activity is a
robust tool to analyze ESCRT function in EV production, since other ESCRT components might play redundant roles. Not all
subunits and complexes necessarily participate in all ESCRT-driven processes. Another relevant component of the ESCRT-I
complex is VPS23, which in mammalian cells is referred to as TSG101. The depletion of TSG101, reduced exosome secretion
in HeLa-CIITA, MCF-7, and in immortalized RPE1 epithelial cells (Colombo et al., 2014). For instance, TbVPS23 affected T.
brucei exocytosis (Besteiro et al., 2006). VPS36, an ESCRT-II component, can also be considered a target to prevent secretion of
exosomes present in MVB, changing EV release and modifying the parasites social motility behavior (Eliaz et al., 2017).
In addition to the proteins involved in the invagination/evagination of membranes, components that bring together the dif-

ferent organelles are also required for the endocytic processes and consequently, the EVs formation and release. These are the
RabGTPases, regulators of the interaction with the cytoskeleton and of the endosomal tethering. For instance, Rab11 has been
directly shown to be required for exosome secretion and in the particular case of T. cruzi, it was demonstrated that it affects TS
release (Niyogi & Docampo, 2015) Although non-essential in some cases, Rab7, 35 and 27 also participate in EV production.
Similarly, another class of proteins are involved in membrane fusion and EV release, such as the SNAREs formed by soluble
N-ethylmaleimide-sensitive fusion attachment protein (SNAP).
In eukaryotic cells, ubiquitination, as mentioned above, plays an important role in the sorting of proteins into exosomes

(Moreno-Gonzalo et al., 2014). Ubiquitinmodification of target proteins increases the structure of proteins changing their activa-
tion state, subcellular localization, stability and capacity to interact with other proteins (Mevissen & Komander, 2017). Ubiquitin
is a small compact globular protein of 76 amino acids with an exposed C-terminal tail that can be covalently linked to lysine
residues of a protein substrate. The coordinated activity of ubiquitin-activating (E1), ubiquitin conjugating (E2) and ubiquitin-
ligating (E3) enzymes leads to the activation and transfer of ubiquitin to specific target proteins: a process known as ubiquitination
(Haglund & Dikic, 2012). It can be counterbalanced by deubiquitinating enzymes (DUBs), which remove ubiquitin from the tar-
geted proteins (Drurey et al., 2020; Khosravi et al., 2020; Maizels, 2021; Mevissen & Komander, 2017). It has been described that
ubiquitination is important for sorting proteins into ILVs destined for degradation by fusion of the MVB with lysosomes via
the endosomal ESCRT complex (Raiborg & Stenmark, 2009). ESCRT complex recognizes ubiquitinated proteins and catalyzes
the abscission of endosomal invagination generating ILVs with the sorted cargo. The subcomplexes ESCRT-0, -I and -II contain
Ubiquitin-Binding Domains (UBDs) that interact with ubiquitinated proteins. These complexes are involved in capturing and
sorting ubiquitylated cargo into the ILVs of MVEs (Tanno & Komada, 2013). The ESCRT-III complex completes ILV biogenesis
by membrane scission. However, before protein translocation into the ILV of the MVE, ubiquitin must be removed from the
protein by DUBs. This process ensures that ubiquitin molecules are recycled to maintain cellular ubiquitin levels and regulates
protein turnover (Clague et al., 2019).
There are several techniques that can be successfully employed to understand the secretory pathways in different eukaryotic

parasites. RNAi has been successfully used to silence specific proteins in some Trypanosomatids, (Alsford & Horn, 2008), Enta-
moeba (Bettadapur et al., 2021), Acanthamoeba (Lorenzo-Morales et al., 2005),Giardia (Marcial-Quino et al., 2017), Plasmodium
(Mueller et al., 2014) and Ascaris larvae (Xu et al., 2010). It can be directly used to evaluate changes in the number, size and com-
position of produced EVs by these organisms. It is important to choose adequate targets and consider whether their decreased
expression is not largely affecting cell viability and physiology. Gene knockout techniques are also suitable to investigate the
components involved in EV production and/or secretion. Replacement of genes can be achieved by insertion of antibiotic resis-
tance markers through homologous recombination followed by drug selection. In haploid parasite stages such as Toxoplasma
and Plasmodium DNA transfection results in efficient depletion of non-essential genes (Donald & Roos, 1994; Kim et al., 1993;
Sultan et al., 2001), and it was used to reveal that ESCRTIII is relevant for EVs production (Avalos-Padilla et al., 2021). Similar
approach can also be used for non-haploid organisms. In these cases, partial deletion of essential genes can be achieved and
shown significant phenotypes. The development of CRISPR/Cas9 technologies, particularly for RNAi non-competent species
such T. cruzi and Leishmania has largely facilitated the process (Costa et al., 2018; Lander et al., 2015; Peng et al., 2014; Sollelis
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et al., 2015; Zhang et al., 2017). A wide CRISPR/Cas9 genomic approach can additionally be employed to select components
that affect EV production (Sidik et al., 2016). This approach has been used in certain stages of helminth parasites. In all cases,
important controls excluding major changes in viabilit, physiology should be discarded and preferentially re-introduction of the
depleted gene should be used to recover the observed phenotype.

 METHODOLOGIES TO ISOLATE AND CHARACTERIZE EVS PURIFICATION FROM
SPECIFIC PARASITES

. Trypanosoma cruzi EVs

3.1.1 EVs generated in cellular cultures

The first step to obtain EVs fromT. cruzi stages corresponding to insect-growing forms or parasite forms found in themammalian
hosts should be devoid ofMycoplasma or another microorganisms’ contamination. Below we illustrate the procedure to obtain
EVs from trypomastigotes released by infected kidney epithelial cells (LLCMK2), which can be adapted to any other culture
system.
The infected cells can be maintained in culture by weekly passages in DMEMmedium supplemented with 10% FCS (without

EVs from serum) and antibiotics, in CO2 atmosphere at 37◦C. Culture supernatants, rich in trypomastigote forms can be col-
lected 5–9 days after a 24 h incubation of parasites with sub-confluent cell monolayers. The suspension containing parasites are
subjected to centrifugation (2000 × g for 10 min), washed and resuspended in appropriate conditions at 1 × 108 parasites/mL as
initially described (Gonçalves et al., 1991; Trocoli Torrecilhas et al., 2009). Briefly, the parasites previously washed are incubated
from 2 to 3 h at 37◦C for EV release. One part of the initial suspension is spared, and parasites collected by centrifugation and
kept frozen at −70◦C for further analysis. When analyzing forms that proliferate without cells in serum-free media such as epi-
mastigotes, EVs can be collected in the culture supernatants (2000 × g for 10 min). After the release step, parasites are subjected
to a new centrifugation at 2000 × g for 10 min, thereafter, the supernatant is filtered through the 0.45 μmmembrane and used as
rough EVs.
The rough EV samples can be fractionated on the SEC gel-filtration column (40× 1 cm). The column is previously washedwith

the equivalent of 10 volumes of 100 mM ammonium acetate pH 6.5. Then, the supernatant (1–2 mL), prepared on the same day,
is applied to the column at a flow rate (4 mL/h) with the aid of a peristaltic pump. The column is eluted with 100mM ammonium
acetate pH 6.5 and up to 80 fractions (1 mL each) are collected. The T. cruzi EVs can be detected for their reactivity in chemi-
luminescent (CL-ELISA) with specific antibodies such as the anti-α-Gal Abs found in the sera of CD patients, which recognize
terminal nonreducing α-galactosyl residues on the highly abundant tGPI-mucins (Almeida et al., 1994, 1991). Trypomastigote
EVs are highly reactive with these antibodies (Nogueira et al., 2015; Trocoli Torrecilhas et al., 2009). The most convenient way
to detect these antigens is to coat polypropylene 96-well plates directly with 0.1 mL of the fractions eluted from the column and
perform conventional ELISA or CL-ELISA.
T. cruzi EVs contain glycoconjugates expressed on the surface of different developmental forms of the parasite in the mam-

malian and insect-vector hosts. Thus, the characterization and functional assays (Cronemberger-Andrade et al., 2020; Gutierrez
et al., 2022; Nogueira et al., 2015) and the detection of biomarkers (Madeira et al., 2021, 2022) can be performed. Osuna group
(Prescilla-Ledezma et al., 2022) suggested that EVs isolated from tissue-culture derived trypomastigotes can be characterized
using AFM-based single molecule-force spectroscopy as a suitable technique for the detection and location of functional compo-
nents on the surface of EVs. To detect trans-sialidase (TS) and other specific genes in EVs, it is possible to use specificmonoclonal
antibodies. For example, it has been shown the presence of TS using coupled antibodies to sensors (Prescilla-Ledezma et al.,
2022). The components present in T. cruzi EVs obtained with different methodologies, their characterization, and the biological
function are summarized in Table 1.

3.1.2 EV obtained from T. cruzi-infected patients

The pre-analytical phase is an important step to consider, as it can be a source of variability and contribute to artifacts. Cur-
rently, plasma is the preferred source of EVs, as additional vesicles are released during the clot formation when preparing serum
(Coumans et al., 2017). Nowadays, all published studies working with EVs isolated from CD patients use plasma as the primary
source. Blood is usually collected in sodiumEDTA tubes (Chowdhury et al., 2017;Madeira et al., 2021), but it can also be collected
in BD vacutainers containing sodium citrate (Cortes-Serra et al., 2020) or heparin (Ramirez et al., 2018). To obtain plasma, the
blood can be kept at room temperature for 4 h and then stored at 4◦C overnight (Madeira et al., 2021, 2022). Alternatively, the
collection tubes can be kept at 4◦C just after blood extraction and samples processed directly by performing a two-step centrifu-
gation (one at 500 × g for 10 min at 4◦C, and a second step at 2000 x g for 15 min at 4◦C) (Cortes-Serra et al., 2020). One single
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centrifugation at 2000 x g for 15 min at 4◦C (Ramirez et al., 2018) or two steps centrifugation of 20 min each at 270 and 1000 x g
(Cestari et al., 2012) are among the common’s methods used to separate plasma before EV enrichment.
It is known that the methodology used for EVs isolation is crucial and will affect the results obtained in further experiments.

As all methods present advantages and limitations, the selection of the methodology should be based on downstream analy-
sis requirements (Coumans et al., 2017). Ultracentrifugation is one of the most popular methods, also to isolate EVs from CD
patients. Plasma samples are centrifuged at 100,000 x g for 1 h, and pellets resuspended in filtered PBS (Madeira et al., 2021).
Other researchers performed three series of centrifugation at 15,000 x g for 15 min to isolate MVs, which can be stored at−80◦C
(Chowdhury et al., 2017).

For proteomic analysis, SEChas also been used to isolate EVs fromplasma ofCDpatients. This technique has gained popularity
in the field of EVs as it is user friendly and provides high purity of EVs, removing most of the soluble plasma proteins and
maintaining the major EVs’ characteristics, including vesicular structure and content. Sepharose CL-2B can be packed in 10 or
1 mL plastic syringes, which are equilibrated with phosphate-buffered saline (PBS). Columns are prepared in sterile conditions
one day before the isolation and kept at 4◦C ON. Commercial Sepharose CL-2B 10 or 1 mL columns can also be used (iZon
Sciences). In any case, frozen plasma samples are thawed on ice, centrifuged at 2000 x g for 15 min at 4◦C and the sample is
loaded on the Sepharose columns. Immediately, 14 fractions of 0.5 mL each or 10 fractions of 0.1 mL (for 10 or 1 mL columns,
respectively) are collected with PBS as the elution buffer (Cortes-Serra et al., 2020).

. EVs obtained from Leishmania that causes visceral or cutaneous infections

3.2.1 EVs from infected host fluids

The study of Leishmania EVs or infection associated EVs in the context of complex sources like biological fluids can be challeng-
ing. In the case of Leishmania, the most common biological sources can be either naturally infected hosts, like dogs and humans,
or from experimental models of infection (mice and hamsters).
For a while only studies in vitro and in vivo models were used to study leishmaniasis, but in 2014 the first study using human

sampleswas carried out (Oliveira et al., 2014). They assessed renal damage related in patientswithAmerican cutaneous leishmani-
asis. To achieve their objectives, urine samples were collected frompatients after a 12 hwater deprivation and intensively vortexed
in the presence of protease inhibitors. Then a series of differential centrifugation steps were conducted until a low-density mem-
brane pellet is obtained. The membrane pellet was characterized by electrophoresis and immunoblotting for the expression of
proteins related to tubular dysfunction. Even though considered by Oliveira and colleagues to be exosomes, no characterization
using electron microscopy, nanoparticle tracking analysis and protein markers enriched in vesicles were assessed.
Simple pre-analytical variables like collection and storage of biological fluid can interfere with the nature and quantity of the

recovered EVs. Among others, the tube used to collect blood, the anticoagulant used, the time between the collection and pro-
cessing of the sample, the volume of sample collected, degree of hemolysis, the conditions in which the samples are transported,
and storage conditions, are all aspects to have in consideration and should be described in all experiments (Baek et al., 2016;
Yuana et al., 2015). Although several biological fluids such as urine or cerebrospinal fluid might be of interest in the context of
Leishmania infection, most EVs will be recovered from blood. Thus, most generic guidelines reported in the MISEV2018 should
be complied (Théry et al., 2018). When working with blood plasma should be the main biological fluid of interest. Plasma is the
physiological medium in which EVs exist in the blood, thus, to recover biologically relevant EVs it would be more appropriate
to use plasma. If serum is used, platelet derived EVs will be released during the process of clotting, these can contribute to an
increase of 50% of the number of EVs in the biological fluid (Witwer et al., 2013). The choice of anticoagulant should be based
on the intended downstream application for the EVs and should be maintained for all the samples. When working with hospital
samples it is feasible to standardize the sample collection, the main issue is the time until sample processing. Experimental data
supports that EVs are stable at 30 min after collection but after this frame it is expected to have an increase in EVs level (Jay-
achandran et al., 2012). Thus, it is relevant to define this frame or describe this information for accurate reporting. After recovery
of the biological fluid EV recovery should follow, but this is not always possible and biobanking of biological samples is a neces-
sity for most researchers. Thus, it is important to report storage conditions. Storing the biological samples in single use aliquots
would be highly recommendable to avoid freeze and thaw cycles. The approach for recovery of EVs from biological samples
should be adjusted to the goal. Some approaches enable pure EVs preparations, like SEC or high. If the goal is to study specific
sub-types of EVs populations, the combination of approaches or the use of density gradients are recommended. Considering the
complexity of the starting biological sample, the use of ultrafiltration combined with SEC originates EVs that are sufficiently pure
for downstream applications, like omics. The combination with high molecular weight filtration devices can be used to increase
purity although the binding to the filter can be an issue. There is no, one approach fits all ends. The recovery approach must be
adjusted to the end goal of balancing yield and purity. The recovered EVs should be then characterized and stored at −80◦C in
low binding tubes to avoid the adsorption of molecules to the Eppendorf ’s surface. At this temperature, the samples can be stored
for a long time without losing their characteristics. Freeze and thaw cycles should also be avoided.
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In the context of experimental Leishmania infections it is easy to have full standardization of all the experimental variables.
The same is not true for human and canine samples, in this context several variables are at stake and contribute to experimental
variability that might be relevant depending on the intended goal. For example, in the context of biomarker discovery it will be
important that the biomarkers are robust and not detected in very specific conditions, while for basic characterization of infection
associated EVs and functional studies it is more important to have samples that reflect as possible the natural environment
that they were collected, in these situations it is paramount to describe, at least, donor status if available (age, sex, food/water
intake, collection time, disease, medication, other); the tube used to collect blood, the anticoagulant used, the time between the
collection and processing of the sample, the volume of sample collected, degree of hemolysis, the conditions in which the samples
are transported, and storage conditions until sample recovery; volume used for EV isolation (if pooled from several donors).

3.2.2 Collection of EVs from sandflies

Leishmania are transmitted through the bite of a sand fly vector, and it is now well established that the parasite can release EVs
within the insect midgut compartment while dividing actively, and to be co-transmitted with Leishmania promastigotes to the
mammalian host during a bloodmeal (Atayde et al., 2015). The collection of Leishmania EVs within its insect vector is one of the
most challenging. The vector being quite small, hundreds of Leishmania-infected sand flies are needed to collect up to 200 μL
of midgut lavage containing Leishmania promastigotes and EVs in suspension. Midguts are rinsed by dissecting the sandflies
and cutting open the midgut in a droplet of PBS to wash the luminal cavity. Because of the low amount of starting material
especially after differential centrifugation, EV purification methods with high yield must be used, often leaving only commercial
kits available for use like SBI’s ExoQuick-TC and Invitrogen’s Total Exosome Isolation Reagent (Skotland et al., 2020). Inoculum
can be collected during feeding using chicken skin as reported (Rogers et al., 2004) and the resultingmaterial can be differentially
centrifuged and EVs can be purified by high yield methods. Although the isolation of Leishmania EVs in its sand fly vector is
challenging, with the difficulty depending on the vector size, it provides valuable insight into vector-parasite interaction and host
infection. Leishmania EVs and different methodologies are summarized in Table 2.

. Toxoplasma gondii

3.3.1 EVs-derived from T. gondii infected cultured cells

The study of EVs is this parasite has increased along the past decades and several techniques have been used. Since, this protozoan
is an obligate intracellular parasite, it is very important to consider the cell host used for assessing EV production.Most of pioneer
studies have used RH strain of T. gondii. Particles production by this protozoan was early reported by in T. gondii infected
macrophages (Sibley et al., 1986). A two-step centrifugation protocol can be employed to purify a so-called intraphagosomal
membrane network (IMP). This network composed of EVs should be disrupted, followed by centrifugation at 10,000 x g and
100,000 g. Also, the presence of network-derived EVsmay be confirmed by TEM. Only recently, other strains were included such
as ME 49. However, no consensus on cell type has been reached and several cell lines have been used, including THP-1 cells, L6
rat myoblast cells, DC2.4 cells and human foreskin fibroblast (HFF). Also, using defined medium such as RPMI and DMEM has
been extensively employed in promoting higher purity for EVs. Particles derived from human THP-1 cells infected with T. gondii
functionally induced TNF-α production (Bhatnagar et al., 2007). EVs purification may be achieved by a series of centrifugation
steps, including a sucrose-gradient purification from 0.25 to 2 M sucrose for 15 h at 100,000 g and characterized by TEM and FC.
The presence of mRNA and miRNA can be detected after Trizol extraction (Pope & Lasser, 2013).
Many recent contributions to T. gondii EVs have come from Asian investigators in China and Korea, and more recently, from

Brazil. Infected L6 rat myoblasts grown in Dulbecco’s modified Eagle’s medium (DMEM) depleted of exosomes were used in this
study (Kim et al., 2016). Another study from Brazil used human foreskin fibroblast (HFF) infected with T. gondii (Wowk et al.,
2017), showing that EVs can be obtained from emerged parasites from those cultures. A 2-h incubation should be performed
to allow EVs to release from tachyzoites, and viability must be checked. These studies should follow MISEV 2014 (Lotvall et al.,
2014) and perform vital controls to ensure EVs purify, including NTA and TEM. Two landmark studies from China (Li et al.,
2018a, 2018b) have assessed exosomes in theME 49 strain of T. gondii. Those papers suggest using a specific exosome purification
kit, Exo Easy Maxi Kit (Qiagen) and Viva Cell for concentrating. Immunoblotting can confirm exosomes in the preps by specific
T. gondii surface markers, including HSP70 and P30 (SAG1).
More recently, one Brazilian group has published several articles on T. gondii EVs, bringing new information on the host-

parasite interaction (Maia et al., 2021a, 2021b; Silva et al., 2018). EVs released from T. gondii can be purified by using a basic
SEC previously used for T. cruzi (Trocoli Torrecilhas et al., 2009). It is important to mention that it should attend MISEV (2018)
criteria (Théry et al., 2018). Later, the same group (Maia et al., 2021a) assessed EVs in the sera from mice immunized with EVs
from T. gondii obtained in the previous study (Silva et al., 2018). This group has also explored the release of EVs in different T.
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gondii strains (Types I, II and III) (Quiarim et al., 2021). Those included RH,ME-49 andVEG. Regardless of the strain, all of them
could be successfully purified by gel-exclusion chromatography using the same procedure as before (Silva et al., 2018). Again,
the quality of EVs followed MISEV 2018 guidelines and used NTA, SEM and TEM. A proteomic approach can be successfully
applied to T. gondii EVs by a Mexican group (Ramirez-Flores et al., 2019). In this study, the authors performed a basic two-step
ultracentrifugation protocol, SEM/TEM andWestern blot (WB) to analyze EVs. The main markers to evaluate EVs byWB were
ROP1 and ROP2, GRA1-GRA6, MIC1-MIC4, SAG 1 and α-tubulin.

In conclusion, the number of studies in T. gondii EVs and/or T. gondii-infected EVs has been increasingly reported in the past
years. Ultracentrifugation has been far from the most used method for EVs purification in this model, but gradient and SEC
have been recently included. Although the most used strain is RH, comparative studies also include ME-49 and VEG. They all
successfully release EVs in quality and amounts enough for different molecular, immunological and biochemical approaches.
However, there is also the need to standardize the cell model for cultivating the parasite since it successfully infects other cells.
We do not know to which extent the cell type will affect parasite release and consequently the EV release by T. gondii. It is worth
mentioning that over the years the methods and techniques to quantify and characterize EVs from T. gondii have evolved and
become more sophisticated, summarized in Table 3.

3.3.2 EVS obtained from infected hosts and patients with toxoplasmosis

EVs can be obtained from sera of mice with toxoplasmosis by ultracentrifugation procedures and then quantified by NTA. Func-
tional assays in vitro using splenocytes showed up-regulated IFN-γ, TNF-α and IL-17 compared with EVs obtained from control
mice. miRNA composition analysis of these EVs showed higher amounts of miR-155-5p, miR-29c-3p and miR-125b-5p when
compared to control mice (Meira-Strejevitch et al., 2020). EVs isolated from toxoplasmosis patients’ samples were only described
in 2020 (da Cruz et al., 2020). To study toxoplasmosis patients, EVs from serum or cerebral spinal fluid (CS) can be obtained by
centrifugation at 13,500 x g for 15 min, and the supernatants ultracentrifuged at 100,000 x g for 60 min at 25◦C (Pereira et al.,
2020). Higher particles/mL can be observed in the serum of pregnant women with gestational toxoplasmosis and CSF patients
with cerebral toxoplasmosis/HIV co-infection. The presence of exosomes can be confirmed byWestern blotting with antibodies
against CD63 and CD9 and by TEM.

. Neospora caninum

There is only one article on Neospora caninum (NC-1 strain) EVs. Similar to T. gondii, it is also an obligate intracellular parasite
that can easily grow in Vero cells in RPMI. EVs can be isolated from free tachyzoites incubated for 24 h in an exosome-depleted
medium. Then, a two-step ultracentrifugation protocol (10,000 x g and 100,000 x g) can be employed. It is essential to mention
that in that paper, the authors checked possible endotoxin contamination using the LAL Assay. Different from previous studies
in T. gondii, checking endotoxin contamination should be a requirement for functional studies with exosomes from pathogens
in innate immune protocols. Proteomic analysis showed the presence of 705 proteins with eight top 50 enriched ones. Three of
them could be detected by immunoblotting, including 14-3-3, enolase and HSP70 (Li et al., 2021)

. Plasmodium spp.

3.5.1 EVs obtained from red blood cell cultures

EV field research in malaria has achieved significant thanks to the continuous in vitro culture of P. falciparum (Pf) blood-stages,
which has allowed to investigate the role of Pf iRBCs-EVs (Sampaio et al., 2017). Typically, EVs are purified from the conditioned
medium supplemented with Albumax or EV-depleted human serum. To avoid cell lysis, it is also important to keep a healthy
growing culture, with parasitemia between 5% and 10%. Although not strictly necessary, keeping the culture in gentle agitation
can help increase the yield of EV production (Mbagwu et al., 2017). In most of the studies, EVs are enriched by a combination of
sequential rounds of centrifugation at increasing speed to remove contaminating cells and debris. The EVs are further purified
by ultracentrifugation at 100,000 x g on a continuous 10%−30% OptiPrep (Axis-Shield) gradient (Regev-Rudzki et al., 2013)
or by performing one step 60% sucrose gradient and spun at 100,000 x g for 16 h (Mantel et al., 2013). More recently, other
methods, such as size exclusion chromatography has been applied for EV enrichment of culture supernatants (Avalos-Padilla
et al., 2021). In many cases, given the fact that it is necessary to use high concentration of EVs for functional assays, large volumes
of culturemedium are used. For this reason, the culture supernatants are filtered through a 0.45-μmfilter and concentrated down
using a VivaCell 100,000 MWCO PES (Sartorious Stedium) (Dekel et al., 2021). Last year, has been applied a very sophisticated
biophysical technique to isolate different EV subpopulations produced by P. falciparum iRBCs (Abou Karam et al., 2022). Using
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AF4, the authors identified two distinct EV subpopulations that differ in size and protein content. Large EVs are enriched in
proteasome subunits and small EVs in complement-system proteins.
Classically, NTA, WB, electron microscopy or FC have been used to quantify and characterized Pf iRBCs-EVs. But recently,

atomic force microscopy (AFM) has been applied to determine the size and morphology of Pf-derived EVs (Abou Karam et al.,
2022). Similarly, IFC is a high-throughput instrument that allows rapid multispectral imaging of EVs. IFC enabled us before to
fluorescently detect various EV cargo components, including proteins, DNA and RNA following their uptake to recipient host
cells (Alfandari et al., 2021; Ofir-Birin et al., 2018).

3.5.2 Plasma-derived EVs from malaria patients

Many EV studies in the malaria field involved biological samples from malaria-infected patients as a source of EVs isolation.
In that sense, experimental design and pre-analytical variables are factors to be considered. General and clinical data of patients
(such as patient’s location, age, biological sex, pregnancy, fasting status, time of sample collection and relevant clinical data related
to malaria infection) are essential data to be collected to know the physiological status at the sample collection moment, which
can strongly affect EVs composition. Gathering such data can result in post-analysis statistical associations.
Blood sample collection can be influenced by several factors affecting the quality of plasma for the subsequent EVs isolation.

These include needle gauge, collection tubes type, handling, the temperature of processing platelets depletion and storage. Those
are essential parameters to be considered following MISEV 2018 guidelines (Théry et al., 2018).
Anticoagulant is required for the collection of blood samples for the isolation of plasma derived EVs. The selection of the

anticoagulant reagent will depend on the downstream applications used for EVs analysis (nucleic acids analysis, etc.). The most
common procedure used for blood sample collection for microparticles isolation from malaria patients include the use of tubes
with anticoagulant trisodium citrate (Campos et al., 2010; Nantakomol et al., 2011; Sahu et al., 2013b) followed by use of EDTA
vacutainer (Antwi-Baffour et al., 2016; Moro et al., 2016) and acid-citrate-dextrose (Antwi-Baffour et al., 2016). For medium and
small-size EVs, anticoagulants used included sodium citrate (Gualdron-Lopez et al., 2021; Toda et al., 2020).
Platelet separation is required for EVs isolation from plasma. In the vast majority of reports, the isolation of malaria patient’s

plasma microparticles involved two centrifugation steps (1500 x g for 15 min, followed by 13,000 x g for 2, 3 or 10 min) (Campos
et al., 2010; Nantakomol et al., 2011; Sahu et al., 2013b). For medium and small EVs, platelet depletion has been reported to be
achieved by two sequential centrifugation steps (400 x g for 10min at RT followed by 2000 x g for 10min at 4◦C) (Gualdron-Lopez
et al., 2021; Toda et al., 2020) generating the starting plasma for the subsequent EVs purification. After obtaining platelet-free
plasma, samples can be either processed directly for EVs isolation or can be aliquoted and stored for posterior analysis at−80◦C
in cryovials.
For EV isolation, the first studies reporting EVs from plasma of malaria patients focused on the microparticle analysis. These

are typically obtained by diluting plasma samples in a standard PBS, or a washing buffer containing HEPES before its process-
ing by ultracentrifugation. Diluted platelet-free plasma is ultracentrifuged (different speed and centrifugation times has been
reported going from 14,000 x g for 90 min (Campos et al., 2010), 19,000 x g for 130 min (Antwi-Baffour et al., 2016) up to 100,000
x g for 30, 60 and 70min (Moro et al., 2016; Sahu et al., 2013a, 2013b), respectively. Other study has also processed two-fold diluted
plasma by sonication using a sonicating water bath (5 × 1 min) before performing differential centrifugation to separate medium
size EVs (15,000 x g for 40min) and small EVs (100,000 x g for 90min) (Antwi-Baffour et al., 2020). Importantly, plasma-derived
microparticles and EVs obtained by ultracentrifugation require extensive washes in standard PBS, sodium citrate-PBS or wash
buffer to remove abundant contaminating plasma proteins. Recent studies have also reported the use of SEC (using commercial
qEV (iZon Science) 10 mL Sepharose CL-2B columns or in-house-packaged Sepharose CL-2B (Sigma-Aldrich) as a convenient
method for the isolation of plasma-derived EVs from P. vivax malaria patients (Gualdron-Lopez et al., 2021; Toda et al., 2020).
Important considerations related to the EV’s downstream applications (Ex. functional assays, proteomics, NTA, etc.) need to
be considered before employing this technique. For available analysis, in-house packed Sepharose columns should be prepared
under sterile conditions. Notably, the columns type must be prepared and stored O/N at 4◦C to allow Sepharose resin stacking.
Columns and equilibrating buffers must be kept at room temperature during EVs purification to guarantee appropriate mobility
of particles according to their size in the resin matrix. After column equilibration with at least a 5-column volume of equili-
brating buffer, plasma samples are carefully loaded into the columns with an open flow and allowed to enter the resin matrix
completely. Usually, 15 fractions of 0.5 mL are collected using sterile low protein binding tubes. SEC fractions enriched in EVs
(usually 7–9) can be used directly in downstream applications or aliquoted and stored at −80◦C. More recently, using plasma
of P. vivax-infected patients it has been implemented the direct immune-affinity capture (DIC) technique for the isolation and
enrichment of CD71+-EVs coming from reticulocytes with the final objective of determined their protein composition by mass
spectrometry-based proteomics and to identify parasite antigens associated with circulating EVs in natural infections. Once
purified, EV protein content can be quantified using several methodologies employing beads (flow cytometry), light scattering
technologies (NTA) or commercial kits such as BCA.
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For characterization of large size EVs, such asmicroparticles, can be performed a direct flow cytometry analysis using reference
beads or immune-phenotyped using antibodies against surface markers from their cell of origin. This strategy has been largely
used in the initial studies ofmicroparticles frommalaria patients. Commonly, conjugatedAnnexinV antibody is used to perform
the characterization of these EVs together with other conjugated antibodies to detect markers of their cell of origin such as
CD41a, CD144, CD235a, CD45, CD14, CD31, PSG1, CD3, CD11b, CD105 and CD51 (Campos et al., 2010; Nantakomol et al., 2011;
Sahu et al., 2013a, 2013b) (Moro et al., 2016). Several types of beads are employed in these characterization assays, some studies
have reported the use of commercial synthetic 0.7–0.9 μm SPHERO™ Amino Fluorescent Particles (Antwi-Baffour et al., 2016;
Campos et al., 2010), while others used fluorescent beads (TrueCount™) (Sahu et al., 2013a, 2013b).

Additionally, fluorescent calibration microspheres of diameters 0.2 and 1 μm (Invitrogen Molecular Probes) are utilized in
the publication of Moro (Moro et al., 2016), while FlowcountH beads are employed by Tiberti et al. (2013). employed flow count
beads. The next step is incubating the beads with the relevant antibodies before data acquisition on the flow cytometer for further
quantification. The bead-based assay methodology is used for the characterization of small EVs. It is necessary to couple EVs to
beads of several micrometers in size because small EV size is under the limit of detection with commonly used flow cytometers.
This methodology has only been reported for the isolation of EVs from P. vivax. Once the EVs are obtained coupling step to
4 μm-aldehyde/sulfate-latex beads (Invitrogen) is performed for 15 min at RT. Beads are resuspended in 1 mL of bead-coupling
buffer (BCB) and incubatedO/N at RT on rotation. EV-coated beads are then centrifuged at 2000 x g for 10min at RT andwashed
once with BCB before incubation with primary antibodies (Gualdron-Lopez et al., 2021; Toda et al., 2020).
The use of TEMmethodology has become a valuable option in the field of EVs for its capability to detect and characterize single

EV as well as to give information regarding biochemical properties of EV surface proteins once employed immune-gold labeling
(Cizmar & Yuana, 2017). The only study in which TEM methodology was reported to be employed for EVs characterization
was done by Antwi-Baffour (Antwi-Baffour et al., 2020). Additional information on methods and findings in Malaria EV-field is
summarized in Table 4.

. Pathogenic ameboid protists

3.6.1 Entamoeba histolytica

E. histolytica trophozoites can be cultivated axenically in non-defined media, mainly TYI-S-33 or YI-S, at a strict physiologic
temperature and pH 6.8. These media have components such as trypticase, yeast extract, glucose and vitamins, and 10% adult
bovine serummust be added. Trophozoites growundermicroaerophilic conditions using highmedium column in regular culture
tubes in an inclined position (Clark & Diamond, 2002). In the first report on E. histolytica EVs, serum-free TYI-S-33 was used
for vesiculation of the reference strain HM1-IMSS, incubated for 16 h in an anaerobic chamber (Sharma et al., 2020). Based on
this study, E. histolytica supernatants obtained by centrifugation (1000 x g) and passage through a 0.22 μm filters, contain EVs
that can be ultracentrifuged (100,000 × g, for 12 h) and further purified by Total Exosome Isolation Reagent (Invitrogen). NTA
and TEM should be used to characterize the produced EVs, which in the above work, comprised a predominant, homogeneous
population of 125 nm. The authors comment that a possible drawback in this EVs isolation technique is the contamination with
non-EV proteins. Indeed, this problem usually arises with the use of non-defined medium, which forms protein aggregates due
to heterogeneous components as trypticase and yeast extract, that can hinder EVs analysis.
Covering this issue, a recent study on E. histolytica EVs reported the vesiculation of HM1-IMSS strain in 3 mL of free-serum

RPMI-1640 medium for 1 h at 37◦C (Diaz-Godinez et al., 2022). The authors also filtrate free-cell supernatant in 0.22 μmmem-
branes andusedTotal Exosome IsolationReagent (Invitrogen), but they did not adopt the intermediary step of ultracentrifugation
reported in the Sharma et al. study (Sharma et al., 2020). A predominant peak of 167 nm was identified by NTA, but other pop-
ulations of 141, 230, 348 and 483 nm were found, characterizing a more heterogeneous EVs profile in this preparation. Since a
definedmediumwas unavailable forE. histolytica, the definedmediumRPMI is a suitable alternative for vesiculation. Future stud-
ies should include a careful assessment of the trophozoites’ viability during the process. Of note, both studies showed cell surface
galactose/N-acetylgalactosamine-binding lectin, and several typical exosomemarkers in E. histolytica EVs, but not tetraspanins.
The use of antibodies targeting Lgl, and beta-actin are potential markers to identify E. histolytica EVs. Additional information
on methods used in E. histolytica EVs studies are described in Table 5.

3.6.2 Acanthamoeba spp

Acanthamoeba can be cultivated regularly in vitro, but unlike E. histolytica, it supports aerophilic conditions and temperatures
ranging from ambient to 37◦C. Although defined media are already described for trophozoite cultures, the widely used is PYG
(Proteose Peptone, yeast extract, glucose), withinmost of the strains can grow abundantly at around 30◦C (Khan, 2006; Schuster,
2002). The pioneer study onAcanthamoebaEVs described a comparative analysis of vesiculation in PYG and in the samemedium
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without peptone/yeast extract (termed glucose medium) (Goncalves et al., 2018). They showed that after 48 h of incubation at
28◦C, cell debris could be separated by centrifugation (1100 g for 10min), and an ultrafiltration system (10KDa cut-offmembrane)
could be used to reduce the 1 L of supernatant volume. Also using PYG, another study showed that vesiculation for 24–48 h in
distinct temperatures (28◦C and 37◦C) preserves trophozoites viability in about 99% (Retana Moreira et al., 2020). A piece of
evidence that Acanthamoeba tolerates well the switching to a defined medium is provided in Costa et al. investigation, which
suggested vesiculation time of 2 h in RPMI as it recorded 95% of cell viability (Costa et al., 2021). Page’s saline, a salt solution
usually used for washing amoebas, is also an alternative for vesiculation (Lin et al., 2019). As the definedmedium appears to work
well to support Acanthamoeba, it should be preferable, especially in studies of functional assays that require EV purity, such as
immune stimulation assays. Cell viability check is recommended.
In summary, after collecting the culture supernatant, cellular debris can be removed by two cycles of centrifugation followed by

filtration through 0.22 μmmembranes as suggested (Costa et al., 2021; Lin et al., 2019; RetanaMoreira et al., 2020).Acanthamoeba
EVs can be retrieved by ultracentrifugation (100,000 g) during times of 1, 2 or 18 h (Costa et al., 2021; Goncalves et al., 2018; Retana
Moreira et al., 2020) or using the Total Exosome Isolation Reagent (Life Technologies) (Lin et al., 2019). The techniques applied
to characterize Acanthamoeba EVs after purification could include TEM, SEM, DLS and AFM (Costa et al., 2021; Gonçalves
et al., 2018; Lin et al. 2020; Retana Moreira et al., 2019). TEM allows to determine the vesicle size which can be extended to the
entire population by DLS analysis (Goncalves et al., 2018). Vesiculation parameters as volume, number of cells per batch, and cell
viability at the time of EV harvest can be found in detail in Table 5.

3.6.3 Naegleria fowleri

Only two studies reported the characterization ofN. fowleriEVs so far (Lertjuthaporn et al., 2022; RetanaMoreira et al., 2022). The
authors used non-defined formulation containing 2% casein hydrolysate or liver hydrolysate (Nelson´s medium) complemented
with fetal bovine serum (FBS) to grow trophozoites at 37◦C. In one of these studies, EVs production was induced in the casein
hydrolysate medium without FBS and antibiotics for 5 h at the same temperature, in which the cell viability was 97.5% (Retana
Moreira et al., 2022). To remove trophozoites and larger vesicles, the authors recommended centrifugation sequentially at 2500
× g for 15 min, and then at 17,000 × g for 30 min, both at 4◦C. The 0.22 μm filtered supernatant can be ultracentrifuged once
to pellet EVs and twice for washing in PBS, at 120,000 × g for 150 min. Besides TEM, AFM, DLS and NTA should be applied to
characterize EVs. Retana-Moreira et al.. performed zeta potential measurements with the obtained EVs. The negative charges in
EVs indicate they could be efficiently incorporated and release their contents within the host cells (Retana Moreira et al., 2022).
The authors complemented the study with functional assays to identify immunogenic proteins with polyclonal serum anti-N.
fowleri antibodies. They also performed complete proteomic analysis and determined protease activity by zymography.
To perform immune stimulation assays, vesiculation was conducted in 0.22 μm-filtrated Page’s amoeba saline without supple-

ment for 24 h at 37◦C. In this vesiculation protocol, trophozoites can reach 75′% viability a lower value compared to the previous
work, in which the vesiculation was in Nelson´s medium (Lertjuthaporn et al., 2022). For immune assays, after cell debris sepa-
ration (1500 × g, 15 min), the collected supernatants can be stored at−20◦C for a posterior multi-step differential centrifugation.
The thawed supernatant is filtered through a 1.2 μmmembrane and centrifuged twice (21,000× g, 70min) to pellet one fraction of
EVs resuspended in PBS. Another fraction is separated by filtering the remaining supernatant in a 0.22 μmmembrane, followed
by two cycles of ultracentrifugation (110,000 × g for 90 min, 4◦C), the last suspending the pellet in PBS.
Overall, the studies reported so far on amoebic protists EVs present variation in methods, mainly regarding the medium type

and time of vesiculation, which had impact on cell viability. Considering the increasing interest on amoeba EVs topics, studies
aiming to standardize vesiculation conditions could assure reproducibility and comparability in subsequent research in the area.

. Non-trypanosomatid flagellates

3.7.1 Giardia intestinalis

The first evaluation of Giardia EVs released in extracellular medium was reported by Evans-Osses et al. (2017) which induced
vesiculation in serum-free, modified version of TYI-S-33. This medium, described to cultivate E. histolytica, is modified to sup-
port Giardia trophozoites in axenic culture, with the addition of bovine bile and increased amount of cysteine. Vesiculation can
be performed for 1 h at 37◦C, in 1 mL of this serum-free medium containing 1 mM CaCl2, with 1 × 106 trophozoites. Two step-
centrifugation (2500 × g, 5 min; 4000 × g, 30 min) is adopted to remove cell debris, and then ultracentrifugation (100,000 × g for
2 h) to pellet the EVs. The suspensions can be dried using speed vacuum for storage and shipping. Therefore, it is recommended
to conduct vesiculation in serum-free/bile-free TYI-S-33 for 1–4 h, at 37◦C and with a defined amount of trophozoites. Viability
should be checked after the vesiculation period. Cell debris should be removed by centrifugation (∼1500 × g for 15 min) and by
filtration with 0.22 μm filter. EVs can be pelleted by ultracentrifugation (100,000 × g form 4 h). Further fractionation by sucrose
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gradient can be used to separate different fractions, and all collected by 200,000 × g for 1 h performed (Moyano et al., 2019). Pos-
sible separation of large (LEV) and small extracellular vesicles (SEV) can be alternatively achieved (Gavinho et al., 2020). A first
centrifugation at 15,000 × g for 1 h separated a pellet of LEV, while the remaining supernatant was ultracentrifuged for 100,000 ×
g for 4 h to isolate SEV. The presence of 12.5% exosome-depleted fetal bovine serum can be included and in this case the presence
of additional CaCl2 might be omitted although longer vesiculation time may be required. Of note, a concern exists about the
viability when incubations are made in absence of serum, which can result in cell stress and death, when long vesiculation times
are required. Possible media changes as performed (Ma’ayeh et al., 2017) to obtain the secretome ofG. intestinalis, incubating the
parasites for 2 and 6 h. This report did not focus on EVs characterization but was devoted to investigating effects of the whole
Giardia secretome on host cells by proteomic and functional analysis. However, it included methodological procedures to prove
EVs release using ExoQuick-TCKit and TEM. The authors recommended a viability evaluation after incubation and showed that
it reaches 98%. These findings indicated that, although the use of exosome-free serum and other purification strategies could be
used to obtain EVs from Giardia, employing a defined medium can be a feasible way to keep parasites viability. Summary of
the current literature with the techniques for obtaining EVs from Giardia and their biological activities found are described in
Table 6.

3.7.2 Trichomonas vaginalis

Two media widely used for axenic cultivation of T. vaginalis are TYI-S-33, the same used for E. histolytica, and TYM (trypti-
case, yeast extract, maltose) (Clark & Diamond, 2002). They must be complemented respectively with bovine and horse serum
to support T. vaginalis growth, therefore, most of the current protocols include serum-free version of these medium for vesic-
ulate T. vaginalis. The first work on T. vaginalis was reported by Twu et al. (2013), which isolated EVs from serum-free TYM
supernatant containing 106 parasites/mL after 4 h of incubation. After centrifugation and filtration (0.22 mm filter), EVs can be
collected by an initial ultracentrifugation (100,000 × g for 75 min), followed by a treatment with protease inhibitor and another
ultracentrifugation step. The EVs can be further purified by floatation on a linear sucrose gradient.
Subsequent reports described similar procedures for vesiculation adopting the same incubation time (4 h) and serum-free

TYM containing 106 trophozoites/mL (Artuyants et al., 2020; Nievas et al., 2018; Rai & Johnson, 2019; Salas et al., 2021) or TYI-
S-33 medium (Olmos-Ortiz et al., 2017). Vesiculation can also be performed occurred in a yeast extract and iron-serum media
(YI-S) without serum, also for 4 h at 37o (Ong et al., 2022). Addition of 1mMCaCl2 (Nievas et al., 2018) and incubation at a higher
parasite density (107/mL) (Olmos-Ortiz et al., 2017) may improve the process. Cell debris remotion can be performed with steps
of centrifugation and filtration, while ultracentrifugation is used to concentrate EVs (Artuyants et al., 2020; Nievas et al., 2018;
Olmos-Ortiz et al., 2017; Salas et al., 2021). If necessary further purification by sucrose floatationmay be included (Ong et al., 2022;
Rai & Johnson, 2019). NTA and TEM are recommended for EVs characterization (Artuyants et al., 2020) following MISEV2018.
In T. vaginalis the mechanism of secretion can be studied by comparing EVs produced by wild type and transfected parasites
(Salas et al., 2021).With this approach, VPS32, amember of ESCRT-III, is shown to have a role in the biogenesis and cargo sorting
of T. vaginalis EVs. However, Trichomonas viability during EVs collection has to be considered (Table 7), as serum depletion can
affect trophozoites (Govender et al., 2020). Therefore, it is recommended to conduct release at a low cellular density (4 × 105
parasites/mL) and long time (24 h) and use medium without parasites as control in all assays, including functional analysis of
immune activation. In this case, it is suggested to use Total Exosome Isolation Reagent instead of ultra-centrifugation to obtain
EVs with an additional purification step with Exosome Spin Columns.
Overall, the need for complex, non-defined and serum-supplemented media represents a major challenge to obtain EVs from

Giardia andTrichomonas. Some strategies can be adopted to improve the purity of EVs recovered from these protozoa and ensure
the reproducibility of their functional effects; for instance, it is recommended to use of the medium alone as a control, adoption
of shorter vesiculation times in defined media, supplementation with exosome-depleted serum or additional purification tech-
niques. In all cases, parasite viability should be a concern in future studies, considering that culture or cellular condition can
influence protein expression and other functional parameters of EVs.

. Helminths

Helminths include a great diversity of species, many of them parasites. EVs have emerged as a ubiquitous component of helminth
excretory-secretory products. To obtain EVs from most helminth parasites it is required to maintain them in their host, which
makes the EV isolation and purification difficult. Therefore, in most cases, EVs are purified form parasites incubated in vitro
and ex vivo, checking the viability of the parasites before and after the incubation. There are several reviews describing different
methods to purify and characterize parasitic helminth EVs (Drurey & Maizels, 2021; Galiano et al., 2020; Sanchez-Lopez et al.,
2021) and very recently a review addressing general recommendations for methodologies and reporting in the helminth EV field
have been published (White et al., 2023). In this position paper, a summary of the community-agreed standards for studying EVs
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derived from helminths was produced with recommendations that would be of great help for those who are (or plan) working
not only in helminths, but also in other non-model organisms. EV research in the last years has demonstrated that it is important
to choose the appropriate EV isolation method, which depends on the research question and the parasite source of EVs. Here,
we only present some examples of EV isolation from trematodes, cestodes and nematodes, which could be helpful when starting
to work with helminths (Table 8). This is not an exhaustive list of the published studies, and we apologize to the authors whose
studies have not been included due to space restrictions.
The first isolation and characterization of helminth EVs were described in F. hepatica and E. caproni (Marcilla et al., 2012). EVs

were isolated from excretory–secretory products (ESP) obtained by incubating worms (collected from infected cows from abat-
toirs or experimentally-infected mice, respectively) in RPMI-1640 culture medium containing antibiotics. The culture medium
containing protease inhibitors was used to obtain the EVs. Three step-centrifugation (300× g, 10min; 700× g, 30min, and 15,000
x g, 45 min) was carried out to remove eggs and cell debris, and after membrane filtration, the EVs were purified by UC (100,000
x g, 1.5 h). Since then, hundreds of studies have appeared on flatworms and nematodes EVs, as reviewed by Sotillo et al. (Sotillo
et al., 2020), using procedures based on this differential ultracentrifugation protocol. For example, the isolation of EVs from the
trematodeDicrocoelium dendriticumwas carried out following the sameUC protocol (Bernal et al., 2014), and it is the only report
characterizing the EV protein and miRNAs of this parasite. Differential centrifugation has characterized two subpopulations of
EVs that differ according to size, cargo molecules and site of release from F. hepatica and S. mansoni. Large vesicles are obtained
after the centrifugation at 15,000 × g for 45 min and a population of smaller vesicles are obtained after centrifuging at 120,000 ×
g for 1 h (Cwiklinski et al., 2015; Kifle et al., 2020).
In 2019, Davis and collaborators demonstrated, using F. hepatica as a model pathogenic helminth, that DC and SEC methods

are not equivalent, proposing the use of SEC as a purification method to obtain a higher EV purity and avoid more free proteins
and tegumental artifacts (Davis et al., 2019). In that study, two-step centrifugation (300 × g, 10 min; 700 × g, 30 min) is employed
to remove large particles. The sample was concentrated using a 10-kDaMWCOAmicon filter before SEC using qEVoriginal SEC
columns (IZON science). More recently, the use of SEC to isolate F. hepatica EVs has shown that they exhibit a wide range of
morphologies, suggesting that each EV subpopulation may have specific functions (Sanchez-Lopez et al., 2020). However, with
the technical capacity to isolate the different subpopulations, it is easier to assess a particular function of each EV type.
Other isolation protocols for F. hepatica include the density gradient ultracentrifugation (Eichenberger et al., 2018; Sotillo

et al., 2016) and gravity flow methods (Murphy et al., 2020). The latter isolation technique consists of the mentioned two-step
centrifugation of the ESP obtained before applying hydrostatic pressure to force the EV-containing solution through a dialysis
membrane with a molecular weight cut-off (MWCO) of 1000 kDa. Once concentrated, the solution is filtered through a 0.2-μm
filter (Murphy et al., 2020).
Several methods have been reported for EV isolation for other trematodes, such as schistosomes. In the first studies char-

acterizing EVs from adult Schistosoma japonicum and S. mansoni schistosomula, EVs are purified using a protocol based on
centrifugation coupled to a membrane filtration (Nowacki et al., 2015; Wang et al., 2015). However, Liu et al. presented an alter-
native method for isolating EVs from adult S. japonicum, collected from infected rabbits and cultivated for 2 h in vitro. This
short culture time minimized the stress to which parasites are exposed. The EVs can be isolated using centrifugation (2000 x
g, 30 min) combined with dialysis (molecular weight cut-off: 3.5 kDa), ultrafiltration, and a commercial exosome isolation kit
(Liu et al., 2018, 2020). In the first description of the EVs from S. mansoni adult worms, EVs were purified using other methods,
such as density gradient UC (Marcilla et al., 2012; Sotillo et al., 2016). The ESP is subjected to differential centrifugation (500 x g,
2000 x g and 4000 x g for 20 min each), and the supernatant is concentrated and UC (12,000 x g, 45 min; 120,000 x g, 3 h). The
resultant pellet should be solubilized in PBS and subjected to Optiprep® discontinuous gradient (ODG) separation, using 40%,
20%, 10% and 5% iodixanol solutions centrifuging at 120,000 x g for 18 h. Recently, a similar approach has been used to develop
an optimized protocol for isolating EVs from S. mansoni schistosomula and adult worms. Compared with methods that separate
vesicles based on sizes, such as differential UC and SEC, the iodixanol density gradient ultracentrifugation is the best method
to obtain high-purity EV preparations from the different S. mansoni life stages, including the separation of EVs from non-EV
contaminants (Kuipers et al., 2022).
Most studies on trematode EVs have focused on the adult stage, but it has been demonstrated that other developmental stages

can secrete EVs. For example, EVs have been observed in eggs from S. japonicum, embryonated eggs, and newly excited juvenile
worms (NEJs) from F. hepatica (Sanchez-Lopez et al., 2020; Trelis et al., 2022; Zhu et al., 2016). S. japonicum eggs can be isolated
from the livers of infected rabbits 6–7 weeks post-infection. The ExoQuick-TC Exosome Precipitation Kit (SBI, Mountain View,
CA, USA) should be employed to isolate the EVs (Zhu et al., 2016). F. hepatica eggs are collected by centrifugation of the culture
medium (750 g for 10 min) obtained after incubating the adult parasites and embryonated in mineral water at 24◦C for 28 days.
To obtain F. hepaticaNEJs, metacercaria is excysted, and NEJs maintained RPMI-1640 culture medium supplemented with 50%
chicken serum. To prevent contamination with serum EVs, washing the NEJs before incubating in RPMI-1640 serum-depleted
medium is very important. Obtaining EVs from NEJS is challenging, first because NEJs are very labile and require efficient
handling, and second, because of the low amount of secreted EVs. The ESP was centrifuged, filtered and concentrated with
Amicon Ultra-4 filter devices (Merck Millipore) at 3200 g for 20 min to purify the EVs by SEC using handmade columns of
Sepharose-CL2B (Sigma-Aldrich) (Sanchez-Lopez et al., 2020; Trelis et al., 2022).
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The information on EV secretion in cestode parasites was limited to ultrastructural studies until 2017, when Ancarola et al.
determined the presence of EVs by analyzing the metacestode stages of the model cestodes Taenia crassiceps andMesocestoides
corti and the zoonotic species Echinococcus multilocularis, obtained from experimental infections. Parasites are usually washed
with PBS and filtered through a 150 μmporemesh to removemurine cells or debris, and then, parasites are incubated for 1–4 days
in DMEM without serum. Differential centrifugation was used to purify the EVs. Culture media are collected and centrifuged
at 10◦C (2000 x g, 20 min: 10,000 x g, 30 min). The resulting supernatants are ultracentrifuged for 70 min at 100,000 x g at 4◦C,
washed with PBS, and ultracentrifuged again (279).
In parasitic infections, few studies focus on host-derived EVs, which could provide excellent new biomarkers for the disease

and check for the effectiveness of treatments. There are exciting publications focused on the EVs isolated from the liquid of
E. granulosus hydatid cysts from human patients and from protoscolex culture supernatant, as well as from mice infected with
E. granulosus at different stages. The EVs can be isolated and purified from fresh hydatid cyst fluid and protoscolex culture
supernatant using an ExoEasy Maxi Kit (Qiagen, Germany), a membrane-based affinity binding. Previously, the samples were
filtered to exclude particles larger than 0.8 μm (Zhou et al., 2019).
Nematodes are highly abundant animals, and many species have a parasitic lifestyle. One of the more representative publica-

tions on nematodes described the role of the EVs from the gastrointestinal nematode Heligmosomoides polygyrus (Buck et al.,
2014). This work identified a specific set of miRNAs and full-length Y RNAs contained in EVs that stabilize these RNAs against
degradation. To purify EVs from H. polygyrus, using differential centrifugation, the parasites can be collected from the small
intestine of experimentally infected CF1 mice and then kept in serum-free media in vitro. The ESP can be collected every 3 days
for 1 week. After removing the eggs, the ESP should be filtered through a 0.2-μm filter and centrifuged at 100,000 x g for 2 h. The
EVs can be washed twice with PBS and ultracentrifuged again. To concentrate the supernatant, it is possible to use a Vivaspin 6
5000MWCO tube (Fisher) spin at 5000 x g and rewash it with PBS. More recently, theH. polygyrus EV isolation in the same lab-
oratory was carried out by adding one additional step of ultracentrifugation using a linear sucrose gradient (2.0−0.4 M sucrose)
at 192,000 x g for 18–20 h for RNA extraction. The two fractions with densities of 1.16−1.18 g/cm3 (measured by refractometry)
were pooled, diluted 10 times in PBS, and centrifuged again at 192,000 x g for 90 min (Chow et al., 2019).
In most of the publications mentioned above, the goal of the studies was to identify the presence of EVs in the helminth

excretory-secretory products, to demonstrate their uptake by host cells, and to carry out proteomic and transcriptomic analysis
to determine the EV cargoes. RNAs are one type of cargo molecule that can explain some of the EV functions. The comparison
of the EV sRNAs in the gastrointestinal nematode
H. polygyruswith those in EVs from the distantly related gastrointestinal nematode Trichurismuris has shown that EV purifi-

cation methods introduce slight variation in the detected sRNAs. In contrast, variations in library preparation methods yielded
more considerable differences. T. muris EVs can be purified by ultracentrifugation, and samples were concentrated using a
Vivaspin 6 spin 5-kDa MWCO column. Heligmosomoides bakeri ES products were concentrated in a Vivaspin 20 MWCO 3-
kDa concentrator (Sartorius, Göttingen, Germany) before isolating EVs by SEC, using a Superdex 200 10/300 GL column with
an AKTA basic FPLC system (GE Healthcare) (White et al., 2020).
In the first in-depth characterization of EVs from different developmental stages and body parts of the porcine nematode A.

suum, EVs were purified by differential centrifugation, including two final ultracentrifugation steps at 100,000 g and SEC. This
works describes in detail how to collect the different samples from
A. suum could help study its human counterpart, A. lumbricoides (Hansen et al., 2019).
In other nematodes, EV release has also been observed from all intra-mammalian life stages of Brugia malayi (microfilariae,

L3, L4) andDirofilaria immitis (Harischandra et al., 2018) and from Trichinella spiralismuscle larvae (Kosanovic et al., 2019). EVs
can be obtained using differential centrifugation. Most of the investigations of parasitic helminth EVs mentioned above include
TEM to detect the presence and quality of EVs and NTA to determine the size and concentration of EVs.
We have summarized some methods used in the last decade to purify EVs from helminth parasites. The referred publications

and many others have described the importance of helminth-derived EVs in host-parasite interactions using different -omic
approaches (proteomics, transcriptomics, lipidomics, glycomics, genomics and metabolomics), as well as immunodetection and
ELISA analysis, describing proteins andRNAmolecules with diverse immunomodulatory properties. For these studies, obtaining
pure EV populations by combining different fractionation techniques is imperative. Our understanding of helminth secreted EVs
has significantly advanced mainly due to the molecular characterization of EV proteomes (Montano et al., 2021). A protocol to
analyze the proteomic content of helminth-derived EVs independently of the source has been recently published (Sotillo, 2022).
This method can differentiate transmembrane from cargo proteins, which can help select proteins with essential functions in the
interaction between the parasite and the host and select proteins for diagnostic and vaccination purposes.
Extracellular RNAs have been described in parasitic helminths from nematodes, trematodes, and cestodes. miRNAs are the

most thoroughly characterized RNA biotype in helminth EVs, where they are protected from degradation (Cucher et al., 2021)
and constitute potential biomarkers of many diseases. Several approaches and methodologies are used for miRNA sequencing
or detection (Sotillo, 2022). There is a growing number of reports on helminth EVs and their cargo due to the diversity and
multifunctionality of EVs. Increasing evidence suggests that EV characterization will provide biomarkers and identify molecules
employed in diagnostic and therapeutic approaches, as well as in vaccines.
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 PARASITE EVS AND VACCINES

Pioneering studies with EVs secreted by Epstein-Barr virus (EBV)-transformed B-cells demonstrated stimulation of T-cell in
an antigen-specific manner (Raposo et al., 1996). Two years later, the same research group showed that dendritic cells (DCs),
responsible for generating specific immunity, secreted exosomes withMHC class Imolecules coupled to peptides thus generating
anti-tumoral CD8 T-cytotoxic responses (Zitvogel et al., 1998). Together, these publications laid the molecular basis that EVs act
in intercellular communication in the immune system and paved the way for the potential use of exosomes as new vaccines
against tumors.
Because of their ability tomodulate the immune response, exosomes are also being explored as novel therapeutic agents against

infectious diseases. Pioneering studies demonstrated that macrophages infected with Mycobacterium bovis secreted exosomes
inducing bacterial-specific pro-inflammatory activity (Bhatnagar et al., 2007). Similar results were obtained with exosomes from
macrophages infected with Mycobacterium tuberculosis and this response was also evident in other infectious diseases caused
by intracellular pathogens (Marcilla et al., 2014).
EVs carry biologically active and antigenic molecules from the parasites that can modulate host immune responses. These

characteristics make EVs an alternative model for studying to the development of protective or therapeutic vaccines. Thus, dif-
ferent groups have evaluated the possibility of using these particles in immunization protocols. Although, vaccination studies
with parasite-EVs are still in infancy, some advances have already been achieved. Exploratory studies using EVs released by try-
panosomatids in immunization protocols have been carried out. T. cruzi EVs stimulate macrophage responses and interact with
TLR2-type receptors (Cronemberger-Andrade et al., 2020),making it interesting to study their protective potential as therapeutic
or protective vaccines.
In the case of Leishmania, initial investigations showed that the treatment of mice with EVs released by L. donovani or L. major

before the parasite challenge exacerbated the infection (Dong et al., 2019, 2021). However, some evidence suggests that changes
in the content of EVs may impact the immune response and disease progression. Studies performed with genetically modified
parasites showed that in a mouse model of air pouch formation (Murine Air Pouch Injection), EVs derived from
L. majorGP63 knockout (KO) (L. majorGP63-/-) induced greater recruitment of inflammatory cells compared to EVs derived

from wild parasites (Hassani et al., 2014). In addition, EVs derived from L. donovani HSP100 KO induced a pro-inflammatory
response and did not exacerbate the disease (Dong et al., 2019, 2021). Therefore, EV from attenuated, avirulent, or non-pathogenic
Leishmania can provide precious tools for various purposes to control leishmaniasis (Barbosa et al., 2018; Dupin et al., 2021). It is
worth to mention that L. tarentolae as nonpathogenic to human, could manipulated genetically to express different proteins for
further utilization in vaccination, immunotherapy and even delivering different immunomodulators (Abdossamadi et al., 2017;
Rafati et al., 2006, 2008; Saljoughian et al., 2013; Shokouhy et al., 2022). To this end, EVs derived from parasites with different
profiles could have different applications and will induce distinct immune responses in an experimental immunization model
(Dupin et al., 2021). Therefore, the use of methodologies that addresses these components in Leishmania EVs contribute to the
development of EVs-vaccines by uncovering their content. Thus, vaccines based on EVs (Dong et al., 2019, 2021; Torrecilhas et al.,
2020) undergo characterization of the molecules present in these particles using proteomics, lipidomics, metabolomics, among
other methodologies. In addition to studies involving the delivery of immunogenic antigens by EVs released by Leishmania, it is
also important to evaluate their association with adjuvants. Although several studies have shown that EVs released by bacteria
contain molecules capable of acting as adjuvants activating innate immunity receptors these approaches are not yet clear for
Leishmania. Some in vitro studies have shown activation of toll-like receptors (TLRs) by EVs of some Leishmania species. Other
works have also demonstrated the activation of macrophages and other immune cells by Leishmania EVs (Belo et al., 2017;
Silverman & Reiner, 2011). However, it remains to be investigated whether this stimulation is sufficient for these vesicles to have
an effect as a potential adjuvant. Currently, studies addressing EVs for developing effective vaccines for leishmaniasis and their
use in immunotherapy is still a field to be explored.
Similar studies have been carried out with non-trypanosomatids protozoan parasites. Immunization with EVs released by

tachyzoites of T. gondii reduced the parasitemia and increased the survival index in mice susceptible to T. gondii infection (Maia
et al., 2021b). In addition, mice immunized with EVs derived from dendritic cells pulsed with T. gondii also triggered humoral
andmucosal immune responses against T. gondii infection (Beauvillain et al., 2007). In the same way, studies addressing T. gondii
EVs as potential for vaccines have been studied. EV-immunization could induce immune protection, eliciting high production
of IgG1, IFN-γ, IL-10 and TNF-α and had a reduction on parasitemia after challenged with 100 tachyzoites with a high virulent
T. gondii strain (Maia et al., 2021a, 2021b).
In its strict sense, exosomes were first described in malaria using the Plasmodium yoelii 17X-BALB/c mouse model (Martin-

Jaular et al., 2011). In this non-lethal malaria murine model, the parasites present a tropism for reticulocytes, resembling the
human malaria infection by P. vivax. Of relevance, reticulocyte-derived exosomes (REX) from infected mice contained para-
site proteins and animals immunized with REX in the presence of CpG showed long lasting protection against lethal infection
induced by P. yoelii XL (Martin-Jaular et al., 2011). Moreover, such protection was spleen-dependent and involved the pres-
ence of CD4 + and CD8 + T cells mediated immune response (Martin-Jaular et al., 2016). To extrapolate these data to human
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F IGURE  Flowchart to obtain, characterize
and perform functional studies with parasite
extracellular vesicles. The different methods
suggested in each step are highlighted to the left of
the directional arrows.

infections, it was later shown that reticulocyte-derived exosomes obtained from in vitro cultures of human reticulocytes contain
MHC class I antigens and were specifically uptake by mature dendritic cells (Diaz-Varela et al., 2018). In addition, immunocap-
ture of circulating EVs in natural P. vivax infections using antibodies against the transferrin receptor (CD71) followed by mass
spectrometry identified novel antigens for vaccination (Aparici Herraiz et al., 2022). Altogether, these data support the research
and development of EVs as a novel vaccination approach against malaria.
In experimental malaria, immunization studies with EVs derived from infected reticulocytes have been performed. Animals

immunized with reticulocyte-derived exosomes (rex) in the presence of CpG showed long lasting protection against lethal infec-
tion induced by Plasmodium yoelii, an increase in survival, and the presence of CD4 + and CD8 + T cells effector memory
phenotype (Martin-Jaular et al., 2016, 2011). Proteomic studies demonstrated that rex contains antigenic proteins derived from
the parasite, suggesting that these particles may indeed have potential for use in immunization protocols (Martin-Jaular et al.,
2011).
EVs released by helminth parasites at different life stages have also demonstrated a protective role in experimental immu-

nization models. Studies conducted with EVs of T.muris (Shears et al., 2018), S. mansoni (Mossallam et al., 2021), H. polygyrus
(Coakley et al., 2017), E. caproni (Trelis et al., 2016) and Opisthorchis viverrini (Chaiyadet et al., 2019) have shown the protective
role of these EVs and their potential application in vaccine development. Many of the first experimental vaccines in different
helminth models have used the ESP released by the parasite to modify their environment and down-regulate the host immune
system, achieving high levels of protection. Another approach is the use of multicomponent vaccines using a combination of
recombinant antigens. Most recently, a new strategy in developing helminth vaccines has emerged based on the discovery of
EVs. These can function as a source of antigens, acting on the host immune system to induce immunogenic or tolerogenic
responses, depending on each specific parasite (Maizels, 2021).
There are several examples of vaccination with helminth EVs in murine models. In one of the first studies, immunization

against E. caproni using EVs reduced symptom severity and increased survival upon infection, suggesting that parasitic EVs



 of 

may hold therapeutic potential in a wide range of helminth infections (Trelis et al., 2016). Mice vaccinated with EVs from H.
polygyrus generated protective immunity against larval challenge, inhibiting the expression of the IL-33 receptor that is required
to initiate the type 2 immune response (Coakley et al., 2017). More recent studies reported that immunization with EVs from
the trematode Opisthorchis viverrini (Chaiyadet et al., 2019), and the nematode T. muris (Shears et al., 2018), induce a protective
immune response. It is possible that EVs contain homologous antigens conserved in several species due to the complexity of the
EV cargo, so creating a vaccine that targets multiple helminth species might be possible (Maizels, 2021).
There is an urgent need for human and veterinary vaccines that would confer immunity against infections with parasites.

Some initiatives, in the veterinary area, have led to the development of vaccines using irradiated infective larvae or vaccines
based on purified/recombinant antigens. However, no effective vaccines against most helminth parasites infecting humans have
been successfully developed.

 CONCLUSIONS AND PERSPECTIVES

TheMISEV 2018 suggests the Extracellular Vesicle as the generic term to describe particles released by cells. Thus, we recommend
maintaining this term to refer to particles released by parasites as research on the biogenesis of particles released by pathogens
still needs to be done. In this guide, we describe the main findings in the EVs released by the parasites, as well as the functions,
physical and biochemical characteristics, and/or culture conditions to obtain the particles from infected cells, in vivo models
or from patient samples. There are several separation techniques, and their combination increases the chance of getting pure
particles with quality to perform functional assays. This is required to allow reliable reproducibility among laboratories, without
generating artifacts and/or misinterpretations (Figure 2).
We included tables showing the main guidelines for better characterization of EVs of each parasite with protein, glycoconju-

gate, and lipid markers because they help demonstrate the presence, purity, and type of EV in each case. Significantly, markers
expressed in the parasites’ EVs differ from host cell markers. It should be considered the parasite’s development and the host type
(invertebrate or vertebrate). A significant challenge in the EVs field of parasites is whether the components associated with EVs
are specifically associated with the particles and what their topology is in the membrane.
The field of parasite EVs had significant advances in recent years. New techniques for separating EVs combined with new

genetic tools such as CRISP-CAS9 are available and promise further understanding of the mechanisms of particle release and,
consequently, disease control. Identifying novel biomarkers enriched in EVs and their use as new vaccines may impact the
diagnosis and prevention of infectious diseases caused by parasites.
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