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Abstract

Extracellular vesicles (EVs) are released by cells and contain a complex mixture of proteins,
genetic information and lipids. EVs mediate cell:cell communication by transferring their
molecular cargo between cells. EVSs, initially discovered in mammalian systems, have been
demonstrated to play critical role in immunology and cancer biology. More recently, EVs have
been identified in a broad range of both unicellular and multicellular parasites. In this review we
focus on the emerging roles for EVs in parasitic infections. Parasite-derived EVs can transfer
virulence factors and drug-resistance markers, modify host cell gene expression and promote
parasite adherence and host cell proliferation. EVs can also suppress or stimulate host immune
responses. Thus, EVs are likely important in determining the outcome of parasitic infections.

Introduction

Parasitic diseases continue to have an enormous public health impact worldwide, despite
global efforts for control, elimination and eradication of many of the major human parasites.
Drug resistance and lack of efficacious vaccines pose formidable challenges to successful
intervention. To surmount these challenges we must better understand the intrinsic capability
of parasites to manipulate and evade host responses. Parasites are highly sensitized to
environmental changes and capable of modulating host responses and synchronizing
behavior within the population in response to such changes. Until recently, such regulated
parasite-host and parasite-parasite communication was attributed to soluble parasite factors.
However, recent evidence suggests that extracellular vesicles (EVs), ranging in size from
30-100 nanometers, are key players in these processes. Initially identified during red blood
cell maturation, EVs are now considered major mediators of communication across all
domains of life. EVs produced and secreted by parasites can fuse with both host cells and
other parasites, thereby delivering protein and RNA cargo that may modulate recipient cells
(Fig. 1). In this review we discuss recent progress, challenges and major questions regarding
the role of EVs in human parasitic diseases.
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EVs in Apicomplexa: Cellular communication and modulation of immune
responses

Apicomplexa are obligate intracellular parasites that cause a variety of veterinary and human
diseases, including malaria (caused by Plasmodium spp.) and cryptosporidiosis (caused by
Cryptosporidium spp.). Their intracellular lifestyle poses unique challenges for signaling
and communication in the parasite population and within the host.

Infection of animal and human hosts by Plasmodium parasites triggers the release of EVs
from various cell types, including endothelial cells, platelets and RBCs. Such elevated EV
levels are associated with severe disease both in the rodent malaria model and in malaria
patients. A causal link, however, remains to be established. EVs derived from parasite-
infected RBCs activate the innate immune response via pro- and anti-inflammatory
cytokines in P falciparumand P. berghei[1,2] and they may therefore contribute to the
“cytokine storm” at the onset of malaria infection. In combination with the observed
neutrophil activation, these EVs may also contribute to vascular activation and dysfunction,
thereby promoting parasite sequestration and related pathology. Notably, recent work by EI-
Assad and colleagues in the rodent malaria parasite, P berghei, also demonstrated that EVs
derived from endothelial cells can cause cerebral lesions when transferred to naive mice [3],
suggesting a role for host EVs in malaria pathology.

Two studies have demonstrated the transfer of EV's between parasite-infected RBCs,
suggesting existence of a cellular communication pathway within the parasite population
[1,4]. In both cases, the rate of EV transfer between infected RBCs appeared to be correlated
with the rate of parasite differentiation into the transmission stage, or gametocyte,
suggesting quorum sensing-like mechanisms. Regev-Rudzki and colleagues [4]
demonstrated the transfer of DNA encoding a drug resistance marker, suggesting that
parasites may be able to exchange traits within the population in the absence of sexual
recombination in the mosquito. Mantel and colleagues [1] directly demonstrated EV release
and uptake and identified parasite antigens in EVs by proteomics, suggesting involvement of
parasite-induced pathways in cellular communication. Recent lipidomics analysis has
revealed specific lipid content of £ falciparum EVs [5]. Martin-Jaular and colleagues
demonstrated in a proof-of-concept study, that the unique properties of EVs, including the
presence of parasite antigens and enrichment of specific lipid species, can elicit protective
immune responses in a series of EV vaccination and challenge studies in the rodent model

[6].

Similar to Plasmodium, the coccidian parasite Cryptosporidium parvumtriggers EV release
from its epithelial host cell, and Hu and colleagues demonstrated a role in inducing
inflammation against Crypfosporidium for these EVs [7]. Similarly, the coccidian parasite
Toxoplasma gondiitriggers release of EVs from infected cells that show a specific host
MRNA and miRNA signature. However, the physiological role of coccidian-induced EVs
remains to be determined [8].
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Kinetoplastid EVs: Cellular communication and combating immune

response

Kinetoplastids are a diverse group of free-living and parasitic flagellated protozoa that share
as the common feature the kinetoplast, a network of DNA within the single mitochondrion
of these cells. Kinetoplastids include several important human and veterinary parasite
lineages including Lefshmaniaspp, Trypanosoma cruziand Trypanosoma brucei. A series of
studies have identified EVs in kinetoplastids, both in the vertebrate host and the arthropod
vector, and unraveled a role for kinetoplastid EVs in modulating the host immune system.
The first description of EVs in the context of parasitic infection was published by Silverman
and colleagues in 2008 in Leishmania donovani [9]. Here and in subsequent studies, the
authors described the composition and immunomodulatory effects of L. donovani EVs
[10,11], setting the stage for similar analyses in other parasites. A recent study by Atayde
and colleagues has demonstrated production of Leishmania infantum EVs in the sand fly
midgut, which repress the immune response and exacerbate disease outcome upon
transmission to the vertebrate host [12]. Similarly, EVs were identified to be produced by
Trypanosoma cruzi both in trypomastigote forms infecting humans,and in epimastigote
forms in the Triatoma vector [13].

Most recently, Szempruch and colleagues identified an EV-mediated cellular communication
pathway in 7rypanosoma brucei, the etiological agent of human sleeping sickness [14].
Remarkably, these EVs are released from nanotubes that extend from the flagellar pocket,
the major site of protein secretion in kinetoplastids. Importantly, 7. brucei EVs are
transferred within the parasite population via the flagellar pocket and are capable of
spreading a major virulence trait: serum resistance-associated protein (SRA), allowing
evasion of a host innate immune factor. Moreover, 7. brucei EVs also fuse with RBC
membranes and induce anemia in a mouse model, suggesting that they contribute to the
pathology of animal and human trypanosomiasis.

Worm EVs: Functional miRNAs dampen host gene expression and drive

cellular proliferation

Parasitic worms are the most common human infectious agents found in developing
countries and are a major global health problem. The first evidence of the secretion of EVs
from parasitic worms was reported by Marcilla and colleagues in 2012 [15]. Focusing on the
trematodes Fasciola hepaticaand Echinostoma caproni, they reported the release of EVs
from liver flukes and subsequent EV incorporation into host cells /7 vitro. Proteomic
analyses revealed that the EVs are enriched in homologs of proteins that are typically found
in mammalian EVs but also contain species-specific protein cargo. A significant overlap in
the protein content of the EVs with the parasites’ secretomes indicated that EVs are major
contributors to trematode protein export, as also observed for Leishmania EVs [9,10]. While
these studies on trematode EVs suggested a role for the vesicles in mediating host-parasite
communication, no molecular or cellular modulation of host cell function was reported.
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Loukas and colleagues recently demonstrated host cell internalization of EVs produced by
another trematode, the carcinogenic liver fluke Opisthorchis viverrini [16]. EVs taken up by
cholangiocyte epithelial cells of the bile duct were shown to drive cell proliferation and I1L-6
secretion. Furthermore, internalization promoted cholangiocytes to adopt a tumorigenic
phenotype and induced changes in protein expression associated with wound repair,
endocytosis and cancer. These analyses indicated a role for O. viverrini EV's in promoting
liver cancer and chronic periductal fibrosis. Notably, these researchers also identified the
presence of EVs in the bile of infected hamsters and humans, providing the first
demonstration of EV release from a multicellular parasite in infected host tissue.

Interestingly, antibodies against tetraspanin, a conserved EV membrane protein that is a
candidate antigen for Schistosoma vaccine development [17], were shown to block both O.
viverrini EV uptake and EV-induced IL-6 secretion [16]. These observations demonstrate a
role for trematode EVs in delivering antigens to the host, suggesting utility for EVs in
vaccine strategies. This is further supported by the presence of several other vaccine
candidates in EVs secreted by S. mansoni [18]. If EV internalization by host cells plays a
critical role in establishing parasitemia, the disruption of this process via neutralizing
antibodies may explain why vaccines directed against EV membrane proteins show efficacy.
Notably, this study also found a high abundance of hemolytic and heme-storage proteins
involved in trematode feeding pathways, suggesting a role for EVs in nutrient acquisition
[18].

The presence of small RNAs in EVs from unicellular parasites [8,10,19] led to the prediction
that RNA cargo in EVs may modulate host cell gene expression by acting as miRNAs. The
discovery of miRNAs with homology to mammalian miRNAs in the EVs from the
trematode Dicrocoelium dendriticum [20] and the nematodes Heligmosomoides polygyrus
and Litomosoides sigmodontis) [21] reinforced these predictions. H. polygyrus EV's were
also shown to contain Argonaute, a protein known to be essential for the down-regulation of
gene expression via miRNA pathways [22]. A direct role for EV-derived miRNA modulation
of host cell pathways was demonstrated by microarray analyses, which revealed the down-
regulation of mouse genes predicted to be targets of the worm miRNAs upon incubation of
mouse cells with H. polygyrus EVs in vitro. L. sigmodontis miRNAs were also found in sera
of infected mice pointing to the secretion of these miRNAs during infection. In addition to
providing a possible mechanism for RNA transfer between worms and their mammalian
hosts, this study demonstrated a role for H. polygyrus EVs in the suppression of Type 2
innate immune response and eosinophilia in mice [21]. These data indicate a role for H.
polygyrus EV's in down-regulating host cell immune responses that would otherwise lead to
parasite clearance. Modulation of host cell immune responses by S. japonicum EV's was also
demonstrated recently [23].

Trichomonas vaginalis EVs: Host parasite interactions and immune

modulation

The sexually transmitted parasite 7richomonas vaginalis secretes EV's containing proteins
and small RNAs typically found in mammalian and other parasitic EVs. 7. vaginalis EVs
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were the first parasite-derived EVs directly shown to deliver protein cargo into host cells /n
vitro [19]. T. vaginalis EV's were also demonstrated to increase parasite adherence to host
cells /n vitro, indicating a role for EVs in promoting host colonization by this extracellular
parasite. Interestingly, EVs from 7. vaginalis strains that are highly adherent to host
epithelial cells could confer enhanced adherence properties, when incubated with either host
cells or a poorly adherent parasite strain. Similarly, EVs from 7. vaginalis strains with a
preference for binding prostate (relative to vaginal) epithelial cells can transfer this
phenotype to a 7. vaginalis strain not previously exhibiting preferential binding. Thus, 7.
vaginalis EV's have the potential to mediate both parasite-parasite and parasite-host
interactions, via mechanisms yet to be deciphered. Similar to Le/shmania[11] and helminth
[16] EVs, T. vaginalis EV's also modulate host immune responses, specifically by inducing
an IL-6 response and dampening the IL-8 response. Reducing secretion of IL-8, a key
cytokine for neutrophil recruitment, by EVs may be critical in establishing infection, as
neutrophils are the front line of defense against this parasite. 7. vaginalis EV's are thus likely
to enhance colonization of the host by increasing both parasite adherence to epithelial cells
of the urogenital tract and reducing parasite clearance by remodeling the immune response.

Summary/Conclusion

EVs mediate host-parasite and parasite-parasite communication (Fig. 1) via an impressive
array of strategies that result in wide-ranging outcomes. Specific interactions are influenced
by physiological context and vary depending on the type of parasite and host cells involved
in the dialogue. EV's mediate the transfer of parasite cargo, including proteins, nucleic acids
and lipids, to host cells. The transfer of parasite (or host) miRNAs can modulate host cell
gene expression, and protein transfer of virulence traits may lead to evasion of host innate
immunity.

In many cases studied so far, parasite-derived EVs have been shown to suppress host
immune responses, which in turn, may promote parasite survival. In different environments
EVs can activate pro-inflammatory cytokines to prime immune cells. EVs can also increase
adherence of parasites to host cells, thereby enhancing colonization and sequestration of
parasite-infected host cells and contributing to pathological outcomes. EVs affect parasite
population dynamics by influencing population dissemination and can drive the
developmental switch from one life stage to another.

Studies of parasitic EVs are in their infancy and have primarily been descriptive. The
molecular mechanisms underlying the formation and the packaging of selective cargo, as
well as the budding and fusion of EVs are unknown. Are specific host receptors required for
EV docking and fusion? If not, how are EVs targeted to specific cell types? The full array of
EV function in parasite infections also remains uncharacterized. Although several
physiological roles influencing pathogenesis have been revealed, these are likely the tip of
the iceberg. Uncovering the full extend of EVs on infective processes is predicted to expose
additional physiological roles and may provide insight for the use of EVs in therapeutic and
vaccination strategies.
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Highlights

. Parasites secrete extracellular vesicles (EVs) that mediate cellular
communication

. EVs can transfer virulence factors, drug-resistance markers & modify host
response

. microRNASs contained in EVs have been shown to down-regulate host cell
proteins

. EVs can support parasite growth as well as host cell proliferation

. Most described parasite EVs either suppress or stimulate the host immune
response
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Figure 1. Modes of EV-mediated communication
1. Parasite cross-talk. Parasite-parasite communication mediated by EVs can regulate

population level behavior and the exchange of traits such as drug resistance markers (P
falciparum) or virulence factors (7. brucei). 2. Parasite-host communication. Modulation
of host responses via EVs includes the activation and/or suppression of inflammatory
responses, as observed in the majority of systems where parasite-derived EVs have been
described. EVs can also induce host responses that facilitate specific parasite phenotypes
such as increased host cell adherence (7. vaginalis) and induction of host cell proliferation,
supporting growth and replication of parasitic worms. 3. Host response. Parasites can
trigger the release of EVs from host cells that either promote or suppress infection.
Activation of host EVs upon parasite infection include the induction of endothelial and
platelet-derived EVs during malaria infection, as well as release of epithelial EVs with anti-
microbial properties upon C. parvum infection.
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