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Abstract: Extracellular vesicles (EVs) are membranous compartments of distinct cellular origin
and biogenesis, displaying different sizes and include exosomes, microvesicles, and apoptotic
bodies. The EVs have been described in almost every living organism, from simple unicellular
to higher evolutionary scale multicellular organisms, such as mammals. Several functions have
been attributed to these structures, including roles in energy acquisition, cell-to-cell communication,
gene expression modulation and pathogenesis. In this review, we described several aspects of the
recently characterized EVs of the protozoa Acanthamoeba castellanii, a free-living amoeba (FLA) of
emerging epidemiological importance, and compare their features to other parasites’ EVs. These
A. castellanii EVs are comprised of small microvesicles and exosomes and carry a wide range of
molecules involved in many biological processes like cell signaling, carbohydrate metabolism and
proteolytic activity, such as kinases, glucanases, and proteases, respectively. Several biomedical
applications of these EVs have been proposed lately, including their use in vaccination, biofuel
production, and the pharmaceutical industry, such as platforms for drug delivery.

Keywords: Acanthamoeba castellanii; pathogenesis; adaptation; applications; extracellular vesicles

1. Introduction

1.1. Free Living Amoebae (FLA)

Free-living amoebas are ubiquitous protozoa widely distributed in various ecological niches
being found in soils and lakes, as well as man-made sources such as drinking water reservoirs,
swimming pools, cooling towers, and ophthalmic products, often associated with other organisms [1].
The literature has described the isolation of FLAs from various invertebrate and vertebrate superior
organisms, including fish, reptiles, amphibians, birds, and mammals. In humans, amoebae infections
can range from eye infections and keratitis to infections of higher occurrence, such as encephalitis
in the central nervous system (CNS) and are caused by FLAs belonging to the genus Acanthamoeba
and Naegleria, Balamuthia, and less frequently, Sappinia [2–8]. Parasitic FLAs could also be commonly
found in other sites in association with microbial biofilms, which in turn can be used as a source of
nutrients by FLAs or as a protective transient environment for their cysts, especially under unfavorable
circumstances to the survival of the trophozoites phase [9–11].

A major problem faced with FLAs is the contamination of water treatment plants. The cysts
are extremely resistant to adverse physical conditions and to treatment with the most common
disinfectants, making their elimination virtually impossible, thus composing one of the most abundant
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contaminant populations following water treatment. When associated with biofilms in these
environments, these FLAs are very difficult to eliminate, by becoming less susceptible to chlorine-based
disinfectants, thus promoting an increase in bacterial biomass density, which could in turn further
protect their cysts [12–14].

Recent data addressing water treatment plants in Spain have shown that 90% of the treated water
had Acanthamoeba spp. as residual contaminants [5]. Coincidentally, in Brazil, the most comprehensive
study done in Laguna dos Patos, Rio Grande do Sul, detected the presence of this FLA in 91.7% of
the stored water samples evaluated [4]. However, the real number of infections caused by FLAs
worldwide is unknown, being classified as agents of neglected diseases. In parallel, the number of
death reports caused by FLAs in public health systems worldwide is very scarce; in a study conducted
in the United States, the number of reported/documented deaths after patient’s contact with FLA
contaminated water averaged only four deaths per year, as notified to the CDC between 2003 and
2009 [15]. Therefore, due to the emerging numbers of FLAs detection from several environmental
sources, more effective methodologies for the assessment of FLA contamination and treatment of water
reservoirs are extremely necessary to ensure the full healthcare for society and the distribution of an
even more salutary water, once this substance is an essential and irreplaceable resource for life.

Another emerging problem regarding FLAs, that has recently been gaining close attention is the
presence of endosymbiont pathogens within these FLAs; not only are amoebae themselves a risk to
public health, they are also potential reservoirs of epidemiologically important human pathogens, such
as bacteria, viruses and endemic fungi [16–20]. Therefore, more in-depth studies of the interactions
of FLAs with their environment, including classes of pathogens that inhabit the same FLAs niches,
would be a major advance towards the understanding of environmental relations between different
organisms and the control of microbial populations.

The importance of FLAs as environmental host is easy to understand in the case of host obligate
pathogens. However, when it comes to free-living or facultative pathogens, such as fungi, neither
do they require a specific host for survival nor undergo selective pressure with respect to the cause
of damage to their potential hosts; in turn, host death often leads to the return of these pathogens
to the environment. These concepts generate fundamental questions regarding the potential of soil
microorganisms to become virulent and the origin of virulence of facultative pathogens [16–20]. Studies
focusing on the interaction between environmental microorganisms such as fungi, bacteria, and viruses
with FLAs as a host suggest that various mechanisms by which virulence may emerge or be selected in
these accidental hosts, as most of these pathogens are not obligate intracellular [16,18,21–23].

1.2. FLAs and the Genus Acanthamoeba

Acanthamoeba are among the most prevalent environmental protozoa and one of the most widely
studied in the laboratory. Several molecular biology techniques have been proposed for the genotyping
of the Acanthamoeba; however, the 18S rRNA sequencing has been able to classify this genus in at least
20 distinct genotypes (designated from T1–T20) [5,18].

The first reports of FLAs belonging to the genus Acanthamoeba as the etiological agents of human
disease dated from the early 1970s [24,25]. These reports included granulomatous amebic encephalitis
(GAE), a fatal disease of the central nervous system (CNS) and amebic keratitis, (AK), a painful
sight-threatening disease of the eyes and other skin infections [9]. In addition, human cases of amebic
encephalitis were reported soon thereafter in Australia, Europe, Africa, South America, and the United
States. Thus, Acanthamoeba has been termed amphizoic organisms since they could exist both as
free-living amebae and as parasitic pathogens.

Acanthamoeba spp. can act as opportunistic pathogens or as non-opportunistic pathogens.
Acanthamoeba spp. has also been associated to cutaneous lesions and sinusitis in AIDS patients
and other immunocompromised individuals. In GAE, a chronic and progressive CNS infection, which
may also involve the lungs, several species of Acanthamoeba associated with the disease were found in
laboratorial diagnosis. GAE is, in general, associated with immunocompromised individuals, such as
malignancies, systemic lupus erythematosus, diabetes, renal failure, cirrhosis, tuberculosis, skin ulcers,



Bioengineering 2019, 6, 13 3 of 16

human immunodeficiency virus (HIV) infection, or Hodgkin’s disease [9]. Besides that, cases of GAE
by Acanthamoeba have been found in immunocompetent children and adults [26–30]. The infection
occurs by inhalation of amebae through the nasal passages and lungs or the introduction through skin
lesions as gateways [29].

The AK is a painful progressive sight-threatening corneal disease and several species of
Acanthamoeba, including A. castellanii, A. polyphaga, A. hatchetti, A. culbertsoni, A. rhysodes, A. griffini,
A. quina, and A. lugdunensis, have been reported to cause this clinical presentation [31,32]. The
individuals affected by AK generally are immunocompetent; however, these individuals do not
develop protective immunity, and reinfection can potentially occur [33]. The epidemic of AK in the
1980s was associated to the increased use and poor hygiene of contact lenses [34].

Within the Acanthamoeba genus, the A. castellanii has been the most studied species; besides all
the aforementioned human body sites this species could be found, the A. castellanii has also been
described in pulmonary secretions, maxillary sinuses and stool samples [35]. A. castellanii potential and
environmental importance as host and bearer of amoeba resistant microorganisms (ARMs), including
bacteria, viruses, or fungi, has been acknowledged [18]. These ARMs include potential pathogens,
which could be carried within the A. castellanii during superior infection to a superior host, through a
co-infection mechanism known as Trojan horse [18,36–38].

Over the last 60 years, the number of reports in the PubMed database search (www.ncbi.nlm.nih.
gov/) within the genus Acanthamoeba includes 4611 publications, by the month of November 2018;
when restricting specifically to the A. castellanii, the search retrieves 1323 articles (Figure 1). Despite the
lower number of publications compared to other protozoa, such as Trypanosomatids, publications on
A. castellanii have been steadily growing over the past 10 years, characterizing an emerging pathogen.
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2. Extracellular Vesicles (EVs) and Their Role in Microorganism Adaptation

Extracellular vesicles (EVs) are small structures composed of an enclosing lipid bilayer, which
possesses a wide variety of constituents depending on the cellular origin, including proteins, enzymes,
mRNA, micro RNAs and lipids, which can participate in both the regulation of their surrounding
environment, including amoebal population density and regulation of symbionts’ gene expression and
may also play a key role during their infection process to a host [39,40].

Based on the size, biogenesis and cellular origin of the molecules that make up the vesicle, they can
be classified into different types such as exosomes, microvesicles (MVs) and apoptotic bodies [40,41].
The exosomes are spheres of size ranging from 30 to 100 nm and are commonly formed within
the endolysosomal channel, in membranous compartments called multivesicular bodies (MVBs),
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where they are later addressed to degradative activity in lysosomes or released in the extracellular
environment by the fusion with the plasma membrane [40]. The exosomes carry proteins that may be
involved in their formation/maturation or also molecules that may be related to the metabolic activity
of the organism in question.

The microvesicles (MVs), in the other hand, have their formation directly from the release by
direct budding of the plasma membrane, with dimensions ranging from 100 to 1000 nm, partially
overlapping the size of the exosomes, and their distinct classification depends on their biogenesis
mechanisms [41]. Therefore, the composition of the MVs is basically lipids similar to cellular membrane
composition, cytoskeletal and other proteins with functions related to maintenance of the plasma
membrane. However, to describe proteins components specific to MVs is a hard task, with variations
in the literature. A considerable number of enzymes involved in the formation of aminophospholipids
and translocase, flipases, and flopases are also present in the MVs, participating in the transfer of
phospholipids into and out of the plasma membranes [41–43].

In recent years, EVs have been described as secretion mechanisms for a wide range of molecules
to reach the extracellular environment in a large number of organisms [44–48]. Basically, their
composition is responsible to mediate important roles in nutrition, physiopathogenesis and cell-to-cell
communication. In fact, as cellular interactions can occur in a variety of ways [49], the release of EVs
therefore compose one of the most important ways without cell-cell contact or indirect communication,
along with processes through the secretion of soluble components [40].

In fungi, one of the hypotheses for the EVs release discussed for Cryptococcus neoformans is the
accumulation of EVs between the membrane and the cell wall that can generate a directional pressure
that forces the EVs to cross through a trans-cell wall trajectory; therefore the dimension of the released
EVs would be modulated by the size of the wall pores. Another hypothesis discussed involves
protein channels through the cell wall, which would promote the passage of EVs and potentially
require cytoskeletal proteins that are commonly secreted in vesicles [50–52]. Alternatively, EVs’
secretion to the extracellular milieu is also involved in the remodeling of the cell wall by the action of
degradation/synthesis enzymes. There is still much to be enlightened about the secretion of EVs, such
as bio-molecular content and how the environment can in turn modulate all the contents present in
the EVs.

The interaction process between microorganisms and their environment is closely related to
the dynamics of microbial surface modifications, stimulated by nutrient acquisition, defense against
other microorganisms or resistance to pressures of a host immune system. Thus, by contributing to
the adaptation to various adverse conditions, the EVs released from the cell surface are conserved
throughout the microbial life in bacteria, archaea, fungi and parasites [53].

3. Characterized EVs Throughout Other Kingdoms and Their Role in Microbial Pathogenesis

While much of the literature highlights the EVs associated with bacterial cells, currently EVs
are considered key mediators, not only in the process of bacterial pathogenesis, but also of fungi
and protozoa, making it an important research area to be explored. In gram-negative bacteria,
the production of EVs occurs from the outer membrane (outer membrane vesicles, OMVs), as they
become filled with periplasmic content. These OMVs allow bacteria to interact with their environment
in several ways, increasing the chances of bacterial survival under stress conditions. These OMVs
could mediate nutrient acquisition and protection as they regulate the density of interacting bacterial
communities, such as biofilm formation, helping to provide structural support in multispecies
environments. In addition, OMVs contribute to the release of virulence factors and modulation
of the host immune system during pathogenesis and may confer resistance to antibiotics, constituting
a mechanism of enhancement of bacterial adaptation and survival in the hostile host environment [54].
As they are directly involved in the virulence of bacteria, researchers have begun to explore the OMVs
as a platform for bioengineering applications. Studies targeting the use of OMVs as a potential vaccine
tool have been conducted and are currently in clinical trials [55–58].
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Structurally, gram-negative bacteria differ from gram-positive bacteria. These have no outer
membrane and are surrounded by a layer of peptidoglycan [59]. Thus, the EVs released by gram-
positive bacteria have different biogenesis and content of gram-negative EVs. Pathogenic gram-positive
bacteria, such as Staphylococcus aureus, Mycobacterium ulcerans and Bacillus spp. are known to
release EVs. Some studies investigating the EVs content of gram-positive bacteria, pointed to the
presence of enzymes involved in their own release to the extracellular milieu, such as hydrolases and
peptidoglycan-degrading enzymes and toxins. A work carried out with Bacillus anthracis indicates
that the bacteria secretion of toxins is EVs-associated, as they concentrate the release of these toxin
components into these structures, increasing the toxin damaging potential to the target cells [60].
Therefore, gram-positive bacteria EVs have gained attention for emerging as important components
for the design of vaccines and as targets for passive immunization strategies. Rivera and colleagues
have shown that B. anthracis EVs containing toxin induced robust immune responses in BALB/c mice
upon vaccination, which led to higher survival rates in animals challenged with the bacteria [44,60].
Similar results were obtained in studies with Mycobacterium tuberculosis EVs. Mice immunized with
mycobacterial EVs induced strong T-helper type 1 cell responses (Th1), elicited antibody production,
and reduced bacterial burden [44,61].

Several studies suggest the involvement of EVs in fungal pathogenesis, as transporters of virulence
factors to the extracellular environment [44,62–66]. Glucosylceramide (GlcCer), an important virulence
factor of the fungus Cryptococcus neoformans, is present in the EVs released by this fungus [67]. Fungal
EVs are also associated with the storage and export of fungal pigments, such as melanin. Studies
with purified EVs of C. neoformans show the presence of dense and dark granules and the ability of
melanin biosynthesis in the presence of L-3,4-dihydroxyphenylalanine (L-DOPA), with subsequent
transport of this polymer to the cell wall [68]. In addition, small RNA molecules are found composing
fungal EVs and their involvement in the communication between cells, including communication and
modulation of host cells, is suggested as a possible attempt to make it more susceptible to infection [69].
As well as being associated with carriers and release of fungal virulence factors, EVs play an important
role in sugar metabolism, cell wall architecture, cell signaling, lipid metabolism, and cell growth/
division [44].

4. Protozoa EVs and Pathogenesis

Production of EVs appears to be a common mechanism for secretion among parasites as several
studies have described the production of these structures by the protozoa Plasmodium sp. [40,70],
Leishmania donovani, L. major and L. mexicana [71]; Trypanosoma brucei [72,73], the amoebas Dictyostelium
discoideum [74,75] and Acanthamoeba castellanii [39] and in Trematodes such as Echinostoma caproni and
Fasciola hepatica [76]. The EVs released by protozoa consist of important processes in interaction with
the host, containing crucial molecules for the establishment of infection, unlike previous beliefs that
considered them as a waste of energy and escape valve of metabolism [77]. The vesicles play a key
role in the pathogenesis mediated by Leishmania spp. and Trypanosoma cruzi. They communicate with
cells of the host immune system, are involved in inflammatory processes and protein export pathways.
Some of the publications have also demonstrated the importance of these exosomes as a therapeutic
target potential for infectious diseases [70,78].

In L. donovani, the release of EVs through the shedding of these structures on the surface of
the parasite’s body was observed through scanning electron microscopy. Proteomic analysis of
Leishmania sp. secretome was able to identify 358 proteins, many that were present within the released
exosomes [79]. Exosomes containing proteins of Leishmania were identified within the cytoplasm
of infected macrophages, suggesting that EVs participate in the pathogen-host interaction [71,80],
working as important mediators involved in the production of interleukin-8 (IL-8). Therefore, there is
a potential of involvement of EVs in the increasing of the parasite’s virulence.

EVs secretion was also characterized in trypomastigotes of Trypanosoma cruzi. These EVs carry
different molecules, such as the glycoprotein gp85, a trans-sialidase superfamily, and α-galactosyl
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glycoconjugates [42]. Proteomic analyzes have further identified the presence of a large numbers
of proteins containing nucleic acid binding sites and ribosomal proteins. Additional analysis also
displayed contents of distinct types of small RNAs within protozoa EVs, which could have their
packing and released into EVs modulated by nutritional stress and may play a role in the parasite-host
interaction [81]. Trocolli-Torrecilhas and colleagues showed that pretreatment of mice with T. cruzi
EVs, following challenges with parasites resulted in higher animal mortality rates than EVs untreated
animals, developing severe cardiac pathologies with intense inflammatory reaction, demonstrating
that vesicles may also be a key component in the pathogenesis of T. cruzi [42]. A considerable increase
in IL-10 and IL-4 production has also been observed, which leads to the conclusion that EVs have
immunomodulatory potential and increased parasite load. These data suggested that T. cruzi EVs
could facilitate parasite dissemination and pathogenic mechanisms [42].

5. Recently Characterized EVs of FLAs and Their Impact in Pathogenesis

Initial studies in Dictyostelium discoideum model raised the hypothesis of the participation of EVs
released by protozoa in cell-to-cell communication [75,82,83]. The production of “nanovesicles” in D.
discoideum, with diameters ranging between 50 and 150 nm, was described; however, these EVs were
later reclassified as exosomes based on their sizes [40,41,74]. In the same work, the presence of actin,
proteins involved in actin metabolism, ribosomal proteins, a galactose binding lectin, mitochondrial
proteins and RAS proteins were described by proteomic analysis. These proteins were characterized as
important extracellular content to allow the interaction and communication between cells in order to
determine their differentiation. For instance, EVs in the conditioned medium could be responsible for
changing the fate of D. discoideum, by inducing cell aggregation and "social" apoptotic death mediated
by mitochondria [40,74]. The molecules, including proteins, peptides, amino acids, nucleic acids,
steroids, and polyketides, are used as intercellular mediators among the trophozoites, as well as in
signaling and interference to plants and animals [83].

The biogenesis and the mechanisms involved in EVs secretion in Acanthamoeba sp. remain
unknown. However, our group performed a descriptive study on the molecular components secreted
by A. castellanii under different growth conditions and the production of EVs [39], whose composition
was similar to EVs of distinct microbes. As observed, the EVs of A. castellanii had their size modulated
according to the environment that the trophozoites inhabitates, as well as the total number of secreted
proteins; A. castellanii grown in rich media secreted high levels of ribosomal proteins, proteins related to
locomotion, and signaling pathways, corroborating with the hypothesis of cell-to-cell communication
involvement of D. discoideum EVs [75,82,83].

Nutritional stress promoted changes in the content of EVs secreted by amoebas; in the cultivation
condition named, by the authors as “stress condition", in the absence of glucose, additional 26 proteins
were observed when compared to the cells in homeostasis.

However, the adaptation of A. castellanii to nutritional stress resulted in the secretion of EVs
containing proteins related to protein and amino acid metabolism, cellular stress, and oxidative
metabolism [39]. Additionally, the growth of amoebae under nutritional stress resulted in plasticity of
the carbohydrate metabolism, which enables them to use different resources to be successful during
the process of colonization of different niches [39]. The findings confirmed the presence of proteins
related to the metabolism of sugars in the soluble secretome free of EVs, indicating the involvement of
this content in extracellular digestion and nutrient acquisition [39].

The EVs released by these protozoa are rich in proteases. These enzymes play important roles in
the pathogenesis of infectious diseases and cancer [44,45,47,48]. In a comparison to other amoebas,
one of the species mostly characterized regarding the production of proteases is Entamoeba histolytica,
whose cysteine proteases have implications in the degradation of the protective barrier of the intestinal
mucosa, promoting invasion of the pathogen in the host [84,85].

In A. castellanii, proteases consist of important virulence factors and are highly expressed in
pathogenic strains. This class of proteins also plays important roles both in pathogenicity and
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in differentiation of amoebae between cyst/trophozoite [86,87]. The T4 genotype of A. castellanii,
associated to fatal brain disease, GAE and sight-threatening keratitis, secretes mainly serine proteases,
whereas other genotypes are able to produce metallo and cysteine proteases [87]. Proteases were
remarkably abundant in the EVs produced by this organism, which could be directly implicated in
host tissue damage and host cell death.

Thus, besides the presence of proteases, other classes such as kinases and glycosidases were
also found in EVs of A. castellanii and could fulfill the perfect mechanism for cellular signaling and
addressing enzymes capable of digesting extracellular matrix and even escape from the host’s immune
system [88,89]. Thus, this enable the parasite to colonize host tissues, and at last determine the tropism
of A. castellanii to retinal tissues, resulting in ocular keratitis or the central nervous system, resulting in
encephalitis [89].

Some markers in the protein content of A. castellanii EVs could be identified when comparing
to those previously published in other microorganisms [39], such as T. cruzi [90], L. major [79], and
Plasmodium sp. [91]. These markers include actin (L8HCZ7) (www.uniprot.orgentry), as found in
T. cruzi, L. major and Plasmodium sp.), heat shock proteins hsp83 (L8H6T6, as found in T. cruzi and
L. donovani) and Hsp60 (L8GUV2 as found in T. cruzi), histone 2B (L8H4F8 as found in L. major and
Plasmodium sp.) and serine proteases (L8H1H6 and L8HEC6 as found in T. cruzi).

EVs released by A. castellanii and D. discoideum were uptaken by mammalian cell lines. Upon
interaction, high amounts of A. castellanii EVs accumulated inside the cytoplasm of epithelial (CHO)
and blood-brain barrier cells (T98G cells) in a time-dependent fashion, and finally localized around
the nucleus [39]. As similar to A. castellanii, accumulation of vesicles of D. discoideum [74] in HeLa
cells occurred within 30 minutes incubation. Further incubations of A. castellanii EVs could destabilize
these epithelial and blood-brain barrier cells, inducing necrotic or apoptotic cell death, respectively
(Figure 2) [39]. Therefore, the presence of EVs of potentially pathogenic FLAs may modulate the entire
process of the pathogenesis of these agents in mammalian hosts.
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Figure 2. Overview of the characterized functions of A. castellanii EVs and their potential applications
in bioengineering and biomedical sciences. A. castellanii EVs’ synthesis could be target for therapy.
They are also known to participate in the pathogenesis of A. castellanii by killing mammalian cells.
There is a growing consensus that they might also be able to alter the virulence of environmental
interacting pathogens. Further applications include the use as vaccines, drug delivery platforms, and
as sources of depolymerases that could be used in the biofuel production.
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Besides A. castellanii, the role of EVs in the process of pathogenesis in protozoa and other
microorganisms has been described in some species extensively [44,45,47,48,62,63,66,70,73,78,92,93];
however, it is necessary to have additional understanding of these EVs functions in both pathogenesis
and in the ecological regulation that these molecules can exert between cells or in the microbial
community, such as in a biofilm (Figure 2). As for the biogenesis of these exosomes in A. castellanii,
their mechanisms have not been elucidated yet, requiring further investigation.

Lipids in A. castellanii EVs

The first analysis of the lipid components of A. castellanii dated from 1969, with the description of total
lipids of trophozoite as 52% of neutral lipids and 48% of polar lipids. Triglycerides represented 75%
and free sterols 17% of neutral lipids. Regarding the identified phospholipids, phosphatidylcholine,
phosphatidylethanolamine, phosphatidylserine, phosphoinositol, and diphosphatidylglycerol
consisted of the main classes. Phosphoinositol is unique in the fact that it contains 1:4:0.5:1.1
(fatty acids:aldehyde:inositol and phosphate, respectively), without the presence of glycerol. No
sphingomyelin, cerebrosides, psychosin, nor glycoglycerides were detected; instead, the authors
detected small amounts of unidentified long chain sugars and bases [43], which were further
characterized by the authors.

A couple of years later, the same group [94] specifically characterized the lipidic constitution
of A. castellanii plasma and phagosome membranes isolated by low-speed/sucrose gradient
centrifugation. The isolated membranes and phagosomes displayed a very high sterol to
lipid ratio (0.98 moles/mole) and very low concentrations of lipid inositol and glycerides.
Comparing the membrane composition to the whole cells, the phospholipids consisted of more
phosphatidylethanolamine and phosphatidylserine and less phosphatidylcholine. No differences in the
ratio of total saturated/unsaturated fatty acids between the plasma membranes and whole cells were
noticed, despite the punctual differences in fatty acid compositions of corresponding phospholipids.

The previous unidentified long chain sugars and bases composed a macromolecule, which
was isolated from the whole cell and indistinguishable from the component of the amoeba plasma
membrane, also containing a non-phospholipid phosphorus [95]. These lipophosphonoglycan (LPG),
identified as a major component of the A. castellanii plasma membrane on both sides [96], contained
inositol (8%) and anteiso-C24 and C25-phytosphingosines (13%), in addition to the previous identified
neutral and amino sugars (26 and 3% respectively) [97,98]. In fact, upon exhaustive delipidation and
butanol extraction, anteiso-C24 to anteiso-C28 chains were detected, but anteiso-C25 phytosphingosine
was the most abundant, constituting more than 50 % of all LPG [99]. Like in Leishmania sp. [100], these
A. castellanii LPG could work as Acanthamoeba-associated molecular patterns for the stimulation of the
Toll-like receptors expressed by innate immunity cells [101].

Gonçalves et al [39] also performed, for the first time, the lipid analysis in A. castellanii EVs
and observed that the composition resembles the lipid proportion in trophozoites. In the lipid
composition of the purified EVs of both systems, homeostasis and stress, the following lipids
such as diacylglycerol; monoacylglycerol; phospholipids; free sterol; free fatty acids; and esterified
cholesterol were identified. In order to evaluate the existing neutral lipids, the EVs were submitted
Gas-chromatography coupled to mass spectrometry (GC-MS), which identified cholesterol, ergosterol
and stigmasta-5,7,22-trien-3α-ol_(7-stigmasterol); the last being described by the first in A. castellanii,
whereas cholesterol and ergosterol had previously been described in the plasma and phagosome
membranes of A. castellanii (as mentioned above [94]) and the related species A. polyphaga [102].
Ergosterol is a typical sterol isolated from fungal cell membranes, whereas stigmasterol is commonly
found in plant roots and algae [103]; both sterol have also been described in total extracts of
Acanthamoeba polyphaga [102]. In a more recent study, different lipid precursors from the ergosterol
synthesis pathway have been described as the main component of environmental (Neff) and pathogenic
(T4) strains; however, cholesterol, demosterol, campesterol, stigmasterol, or 7-dehydrostigmasterol
was not detected. With the evidence of ergosterol synthesis in A. castellanii, it becomes possible to use
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antifungals such as azoles and amphotericin B as a potential therapeutic options to infections caused
by FLAs (Figure 2) [104].

As fatty acid of 14 to 22 carbons chains were also identified in EVs of A. castellanii, the presence
of long-chain carbon fatty acids lipids may consist also in a potential target for drug development or
therapeutic features for A. castellanii, since similar molecules have not been described in mammals,
bacteria or fungi (Figure 2). Another possible function of long chain fatty acids, described in
A. castellanii, could be related to some step in membrane remodeling, as previously described for
A. polyphaga [105].

6. Further Potential Applications of FLAs EVs

The application of EVs on the production of vaccines has been the subject of much attention by
several studies. EVs usually offer a more stable conformational condition for the protein components,
are able to circulate intact in body fluids and associates efficiently with antigen-presenting cells
(Figure 2) [47]. For instance, dendritic cells loaded with tumor derived exosomes have demonstrated
activity in the control of tumors for cancer immunotherapy and have been the first studies performed
regarding EVs as vaccine tools [106]. Currently, vaccines from bacterial EVs, such as the Meningococcal
group B vaccine (Bexsero), which showed high effectiveness in regions of the outbreak, are under
development. Several studies focusing on the immunobiological activities of fungal EVs have also
been carried out. EVs of C. neoformans are biologically active in vitro: They stimulate nitric oxide,
cytokine (TNF-α, IL-10, and growth factor [TGF-β]), and fungicidal activity in macrophages [46]. EVs
of Paracoccidioides brasiliensis also demonstrated a role in cytokine stimulation by macrophages [107].
However, as fungal EVs interfere in both fungal virulence and host stimulation, it is not entirely clear
how this protective mechanism would occur; therefore, no fungal vaccines have been characterized.
Interestingly, many studies have been developed using EVs of non-pathogenic fungi, as potent
stimulators of the host immune response, and consequently, protection against fungal infections.

Studies on mammalian cell-derived exosomes and bacterially derived EVs for the development
as vaccines for immunotherapy are increasing. However, EVs of microbial origin could induce a
potentially strong immunogenicity, which may be a potential drawback for their in vivo use. In contrast,
many proteins present in cell-derived exosomes are not detected in D. discoidium nanovesicles. This
could minimize the risk of undesirable immune responses upon in vivo administration, such as those
triggered by tumor-released exosomes. A first in vivo study upon the immunogenicity of D. discoidium
nanovesicles, intravenously injected in BALBc mice, has shown a specific antibody response, but no
pyrogenic response, nor any inflammation was detected by cytokine evaluation. Thus, to explore key
models such as D. discoideum as bio-engineering designer able to formulate vesicular drug carriers
becomes a field of important application.

Several reports also describe the usage of EVs of D. discoidium as platforms for drug delivery,
as these structures easily get to the mammalian intracellular milieu [74,75,108]. Previous studies
have demonstrated that D. discoidium cells grown in the presence of exogenous molecules, such as a
DNA specific dye, for example, produced dye-loaded nanovesicles as a detoxification mechanism [75].
In addition, it is shown that these nanovesicles are able to transfer their contents to the nuclei of naive
Dictyostelium or human leukeamia K562r cells, which are resistant to vital labeling of their nuclei by
the dye.

These nanovesicles of biological origin could also be loaded with therapeutic molecules and then
used as a nanodevice for cellular drug internalization [74,108]. Lavialle et al. explored the potential use
of D. discoideum released nanovesicles as in vitro drug carriers for cancer therapy. Nanovesicles filled
with hypericin, a fluorescent therapeutic photosensitizer assayed for antitumoral photodynamic
therapy, efficiently delivered the drug as the fluorescence signal was located exclusively in the
perinuclear area of the skin fibroblast (HS68) and cervical carcinoma (HeLa) human cell lines [74]. In the
other hand, as efficient drug deliver tools, these secreted nanovesicles could also act as detoxifiers,
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carrying drugs out of cells, and therefore acting as “Trojan horses” by being capable of transferring
these drugs among parasite cells, but also to human cells [74,75,108].

7. Conclusion Remarks

Based on these aforementioned concepts and the biochemical similarity to D. discoidium EVs,
A. castellanii EVs could work efficiently as liposome carriers of immunogenic proteins, being able to
activate the immune system, inducing a protective vaccination response [108] (Figure 2). The same
line of reasoning can be proposed for A. castellanii EVs as efficient drug delivery system, since these
EVs could also easily access the cytoplasm of mammalian cells in a more eficiente manner than the
characterized D. discoidium EVs [39], for the efficient delivery if their intact contents (Figure 2).

Acanthamoeba are professional phagocytes and are able to secrete a wide variety of enzymes to
digest the engulfed particles, and further use them as nutritional source for energy acquisition. As EVs
from A. castellanii are efficient carriers of several glycosidase, lipases and proteases, their biological
activity and potential as depolymerizing agents could be further explored [39,109]. Glycosidases such
as glycosyl hydrolases, beta-glucosidases, galactosidases and mannosidases, xylosidases and alpha
amylases were abundant in A. castellanii EVs. These compose a universe of carbohydrate-processing
enzymes that have had wide industrial applications due to their hydrolase efficiency, such as in
the food and bio-bleaching in the paper and pulp industry [110–112]. As the glycosydases are also
involved in many biological processes such as cell growth, cell recognition and parasitic infections,
they have become attractive targets for the pharmaceutical industry [113]. These A. castellanii EVs
could have additional applications in the biotechnology, such as in the boosting of biofuel industry,
by their potential of solid biomass degradation and their conversion into liquid biofuels (Figure 2).

Author Contributions: D.d.S.G., M.d.S.F. and A.J.G. wrote the manuscript.

Funding: Our research has been supported in part by the FAPERJ (Fundação de Amparo à Pesquisa do Estado
do Rio de Janeiro) grants: Programa Pesquisa Para o SUS (PPSUS), Apoio às Instituições de Ensino e Pesquisa
Sediadas no RJ and Apoio a Grupos Emergentes”and CNPq (Conselho Nacional de Desenvolvimento Científico e
Tecnológico) grants.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Thomas, J.M.; Ashbolt, N.J. Do free-living amoebae in treated drinking water systems present an emerging
health risk? Environ. Sci. Technol. 2011, 45, 860–869. [CrossRef] [PubMed]

2. Auran, J.D.; Starr, M.B.; Jakobiec, F.A. Acanthamoeba keratitis. A review of the literature. Cornea 1987, 6,
2–26. [CrossRef] [PubMed]

3. Brooks, J.G., Jr.; Coster, D.J.; Badenoch, P.R. Acanthamoeba keratitis. Resolution after epithelial debridement.
Cornea 1994, 13, 186–189. [CrossRef] [PubMed]

4. Falchi, R.L.R. Contaminação por protozoários potencialmente patogênicos ao homem na água de diferentes pontos da
Laguna dos Patos, Rio Grande, RS; Departamento de Microbiologia e Parasitologia, Universidade Federal de
Pelotas: Pelotas, Brazil, 2006; p. 90.

5. Magnet, A.; Galvan, A.L.; Fenoy, S.; Izquierdo, F.; Rueda, C.; Fernandez Vadillo, C.; Perez-Irezabal, J.;
Bandyopadhyay, K.; Visvesvara, G.S.; da Silva, A.J.; et al. Molecular characterization of Acanthamoeba
isolated in water treatment plants and comparison with clinical isolates. Parasitol. Res. 2012, 111, 383–392.
[CrossRef] [PubMed]

6. Sriram, R.; Shoff, M.; Booton, G.; Fuerst, P.; Visvesvara, G.S. Survival of Acanthamoeba cysts after desiccation
for more than 20 years. J. Clin. Microbiol. 2008, 46, 4045–4048. [CrossRef] [PubMed]

7. Stehr-Green, J.K.; Bailey, T.M.; Visvesvara, G.S. The epidemiology of Acanthamoeba keratitis in the United
States. Am. J. Ophthalmol. 1989, 107, 331–336. [CrossRef]

8. Walker, C.W. Acanthamoeba: Ecology, pathogenicity and laboratory detection. Br. J. Biomed. Sci. 1996, 53,
146–151.

http://dx.doi.org/10.1021/es102876y
http://www.ncbi.nlm.nih.gov/pubmed/21194220
http://dx.doi.org/10.1097/00003226-198706010-00002
http://www.ncbi.nlm.nih.gov/pubmed/3556011
http://dx.doi.org/10.1097/00003226-199403000-00013
http://www.ncbi.nlm.nih.gov/pubmed/8156792
http://dx.doi.org/10.1007/s00436-012-2849-2
http://www.ncbi.nlm.nih.gov/pubmed/22395660
http://dx.doi.org/10.1128/JCM.01903-08
http://www.ncbi.nlm.nih.gov/pubmed/18923013
http://dx.doi.org/10.1016/0002-9394(89)90654-5


Bioengineering 2019, 6, 13 11 of 16

9. Marciano-Cabral, F.; Cabral, G. Acanthamoeba spp. as agents of disease in humans. Clin. Microbiol. Rev.
2003, 16, 273–307. [CrossRef]

10. Coulon, C.; Collignon, A.; McDonnell, G.; Thomas, V. Resistance of Acanthamoeba cysts to disinfection
treatments used in health care settings. J. Clin. Microbiol. 2010, 48, 2689–2697. [CrossRef]

11. Taravaud, A.; Ali, M.; Lafosse, B.; Nicolas, V.; Feliers, C.; Thibert, S.; Levi, Y.; Loiseau, P.M.; Pomel, S.
Enrichment of free-living amoebae in biofilms developed at upper water levels in drinking water storage
towers: An inter- and intra-seasonal study. Sci. Total Environ. 2018, 633, 157–166. [CrossRef]

12. Ashbolt, N.J. Environmental (Saprozoic) Pathogens of Engineered Water Systems: Understanding Their
Ecology for Risk Assessment and Management. Pathogens 2015, 4, 390–405. [CrossRef] [PubMed]

13. Berry, D.; Xi, C.; Raskin, L. Microbial ecology of drinking water distribution systems. Curr. Opin. Biotechnol.
2006, 17, 297–302. [CrossRef] [PubMed]

14. Miller, H.C.; Wylie, J.T.; Kaksonen, A.H.; Sutton, D.; Puzon, G.J. Competition between Naegleria fowleri and
Free Living Amoeba Colonizing Laboratory Scale and Operational Drinking Water Distribution Systems.
Environ. Sci. Technol. 2018, 52, 2549–2557. [CrossRef] [PubMed]

15. Gargano, J.W.; Adam, E.A.; Collier, S.A.; Fullerton, K.E.; Feinman, S.J.; Beach, M.J. Mortality from selected
diseases that can be transmitted by water—United States, 2003–2009. J. Water Health 2017, 15, 438–450.
[CrossRef] [PubMed]

16. Casadevall, A. Cards of Virulence and the Global Virulome for Humans. Microbe 2006, 1, 359–364. [CrossRef]
17. Casadevall, A. Amoeba provide insight into the origin of virulence in pathogenic fungi. Adv. Exp. Med. Biol.

2012, 710, 1–10. [PubMed]
18. Guimaraes, A.J.; Gomes, K.X.; Cortines, J.R.; Peralta, J.M.; Peralta, R.H. Acanthamoeba spp. as a universal

host for pathogenic microorganisms: One bridge from environment to host virulence. Microbiol. Res. 2016,
193, 30–38. [CrossRef] [PubMed]

19. Mylonakis, E.; Casadevall, A.; Ausubel, F.M. Exploiting amoeboid and non-vertebrate animal model systems
to study the virulence of human pathogenic fungi. PLoS Pathog. 2007, 3, e101. [CrossRef] [PubMed]

20. Casadevall, A.; Pirofski, L.A. Accidental virulence, cryptic pathogenesis, martians, lost hosts, and the
pathogenicity of environmental microbes. Eukaryot. Cell 2007, 6, 2169–2174. [CrossRef] [PubMed]

21. Casadevall, A.; Pirofski, L. Host-pathogen interactions: The attributes of virulence. J. Infect. Dis. 2001, 184,
337–344. [CrossRef] [PubMed]

22. Chrisman, C.J.; Albuquerque, P.; Guimaraes, A.J.; Nieves, E.; Casadevall, A. Phospholipids trigger
Cryptococcus neoformans capsular enlargement during interactions with amoebae and macrophages.
PLoS Pathog. 2011, 7, e1002047. [CrossRef] [PubMed]

23. Steenbergen, J.N.; Shuman, H.A.; Casadevall, A. Cryptococcus neoformans interactions with amoebae
suggest an explanation for its virulence and intracellular pathogenic strategy in macrophages. Proc. Natl.
Acad. Sci. USA 2001, 98, 15245–15250. [CrossRef] [PubMed]

24. Martinez, A.J.; Sotelo-Avila, C.; Garcia-Tamayo, J.; Moron, J.T.; Willaert, E.; Stamm, W.P. Meningoencephalitis
due to Acanthamoeba SP. Pathogenesis and clinico-pathological study. Acta Neuropathol. 1977, 37, 183–191.
[CrossRef] [PubMed]

25. Duma, R.J.; Helwig, W.B.; Martinez, A.J. Meningoencephalitis and brain abscess due to a free-living amoeba.
Ann. Intern. Med. 1978, 88, 468–473. [CrossRef] [PubMed]

26. Bhagwandeen, S.B.; Carter, R.F.; Naik, K.G.; Levitt, D. A case of hartmannellid amebic meningoencephalitis
in Zambia. Am. J. Clin. Pathol. 1975, 63, 483–492. [CrossRef] [PubMed]

27. Ofori-Kwakye, S.K.; Sidebottom, D.G.; Herbert, J.; Fischer, E.G.; Visvesvara, G.S. Granulomatous brain tumor
caused by Acanthamoeba. Case report. J. Neurosurg. 1986, 64, 505–509. [CrossRef] [PubMed]

28. Ringsted, J.; Jager, B.V.; Suk, D.; Visvesvara, G.S. Probable acanthamoeba meningoencephalitis in a Korean
child. Am. J. Clin. Pathol. 1976, 66, 723–730. [CrossRef] [PubMed]

29. Singhal, T.; Bajpai, A.; Kalra, V.; Kabra, S.K.; Samantaray, J.C.; Satpathy, G.; Gupta, A.K. Successful treatment
of Acanthamoeba meningitis with combination oral antimicrobials. Pediatr. Infect. Dis. J. 2001, 20, 623–627.
[CrossRef]

30. Sangruchi, T.; Martinez, A.J.; Visvesvara, G.S. Spontaneous granulomatous amebic encephalitis: Report of
four cases from Thailand. Southeast Asian J. Trop. Med. Public Health 1994, 25, 309–313.

31. Bacon, A.S.; Frazer, D.G.; Dart, J.K.; Matheson, M.; Ficker, L.A.; Wright, P. A review of 72 consecutive cases
of Acanthamoeba keratitis, 1984–1992. Eye 1993, 7 Pt 6, 719–725. [CrossRef]

http://dx.doi.org/10.1128/CMR.16.2.273-307.2003
http://dx.doi.org/10.1128/JCM.00309-10
http://dx.doi.org/10.1016/j.scitotenv.2018.03.178
http://dx.doi.org/10.3390/pathogens4020390
http://www.ncbi.nlm.nih.gov/pubmed/26102291
http://dx.doi.org/10.1016/j.copbio.2006.05.007
http://www.ncbi.nlm.nih.gov/pubmed/16701992
http://dx.doi.org/10.1021/acs.est.7b05717
http://www.ncbi.nlm.nih.gov/pubmed/29390181
http://dx.doi.org/10.2166/wh.2017.301
http://www.ncbi.nlm.nih.gov/pubmed/28598348
http://dx.doi.org/10.1128/microbe.1.359.1
http://www.ncbi.nlm.nih.gov/pubmed/22127880
http://dx.doi.org/10.1016/j.micres.2016.08.001
http://www.ncbi.nlm.nih.gov/pubmed/27825484
http://dx.doi.org/10.1371/journal.ppat.0030101
http://www.ncbi.nlm.nih.gov/pubmed/17676994
http://dx.doi.org/10.1128/EC.00308-07
http://www.ncbi.nlm.nih.gov/pubmed/17951515
http://dx.doi.org/10.1086/322044
http://www.ncbi.nlm.nih.gov/pubmed/11443560
http://dx.doi.org/10.1371/journal.ppat.1002047
http://www.ncbi.nlm.nih.gov/pubmed/21637814
http://dx.doi.org/10.1073/pnas.261418798
http://www.ncbi.nlm.nih.gov/pubmed/11742090
http://dx.doi.org/10.1007/BF00686877
http://www.ncbi.nlm.nih.gov/pubmed/857580
http://dx.doi.org/10.7326/0003-4819-88-4-468
http://www.ncbi.nlm.nih.gov/pubmed/637425
http://dx.doi.org/10.1093/ajcp/63.4.483
http://www.ncbi.nlm.nih.gov/pubmed/1119442
http://dx.doi.org/10.3171/jns.1986.64.3.0505
http://www.ncbi.nlm.nih.gov/pubmed/3950728
http://dx.doi.org/10.1093/ajcp/66.4.723
http://www.ncbi.nlm.nih.gov/pubmed/970374
http://dx.doi.org/10.1097/00006454-200106000-00016
http://dx.doi.org/10.1038/eye.1993.168


Bioengineering 2019, 6, 13 12 of 16

32. Moore, M.B.; McCulley, J.P.; Luckenbach, M.; Gelender, H.; Newton, C.; McDonald, M.B.; Visvesvara, G.S.
Acanthamoeba keratitis associated with soft contact lenses. Am. J. Ophthalmol. 1985, 100, 396–403. [CrossRef]

33. Seal, D.V.; Hay, J.; Devonshire, P.; Kirkness, C.M. Acanthamoeba and contact lens disinfection: Should
chlorine be discontinued? Br. J. Ophthalmol. 1993, 77, 128. [CrossRef] [PubMed]

34. Seal, D.V.; Hay, J. Acanthamoeba keratitis. BMJ 1994, 309, 1019. [CrossRef] [PubMed]
35. Visvesvara, G.S.; Booton, G.C.; Kelley, D.J.; Fuerst, P.; Sriram, R.; Finkelstein, A.; Garner, M.M. In vitro

culture, serologic and molecular analysis of Acanthamoeba isolated from the liver of a keel-billed toucan
(Ramphastos sulfuratus). Vet. Parasitol. 2007, 143, 74–78. [CrossRef] [PubMed]

36. Barker, J.; Brown, M.R. Trojan horses of the microbial world: Protozoa and the survival of bacterial pathogens
in the environment. Microbiology 1994, 140 Pt 6, 1253–1259. [CrossRef]

37. Elsheikha, H.M.; Khan, N.A. Protozoa traversal of the blood-brain barrier to invade the central nervous
system. FEMS Microbiol. Rev. 2010, 34, 532–553. [CrossRef] [PubMed]

38. Tosetti, N.; Croxatto, A.; Greub, G. Amoebae as a tool to isolate new bacterial species, to discover new
virulence factors and to study the host-pathogen interactions. Microb. Pathog. 2014, 77, 125–130. [CrossRef]
[PubMed]

39. Goncalves, D.S.; Ferreira, M.D.S.; Liedke, S.C.; Gomes, K.X.; de Oliveira, G.A.; Leao, P.E.L.; Cesar, G.V.;
Seabra, S.H.; Cortines, J.R.; Casadevall, A.; et al. Extracellular vesicles and vesicle-free secretome of the
protozoa Acanthamoeba castellanii under homeostasis and nutritional stress and their damaging potential
to host cells. Virulence 2018, 9, 818–836. [CrossRef]

40. Mantel, P.Y.; Marti, M. The role of extracellular vesicles in Plasmodium and other protozoan parasites.
Cell. Microbiol. 2014, 16, 344–354. [CrossRef]

41. Raposo, G.; Stoorvogel, W. Extracellular vesicles: Exosomes, microvesicles, and friends. J. Cell Biol. 2013, 200,
373–383. [CrossRef]

42. Trocoli Torrecilhas, A.C.; Tonelli, R.R.; Pavanelli, W.R.; da Silva, J.S.; Schumacher, R.I.; de Souza, W.;
E Silva, N.C.; de Almeida Abrahamsohn, I.; Colli, W.; Manso Alves, M.J. Trypanosoma cruzi: Parasite shed
vesicles increase heart parasitism and generate an intense inflammatory response. Microbes Infect. 2009, 11,
29–39. [CrossRef] [PubMed]

43. Ulsamer, A.G.; Smith, F.R.; Korn, E.D. Lipids of Acanthamoeba castellanii. Composition and effects of
phagocytosis on incorporation of radioactive precursors. J. Cell Biol. 1969, 43, 105–114. [CrossRef] [PubMed]

44. Joffe, L.S.; Nimrichter, L.; Rodrigues, M.L.; Del Poeta, M. Potential Roles of Fungal Extracellular Vesicles
during Infection. mSphere 2016, 1, e00099-16. [CrossRef]

45. Kalluri, R. The biology and function of exosomes in cancer. J. Clin. Investig. 2016, 126, 1208–1215. [CrossRef]
[PubMed]

46. Oliveira, D.L.; Freire-de-Lima, C.G.; Nosanchuk, J.D.; Casadevall, A.; Rodrigues, M.L.; Nimrichter, L.
Extracellular vesicles from Cryptococcus neoformans modulate macrophage functions. Infect. Immun. 2010,
78, 1601–1609. [CrossRef] [PubMed]

47. Schorey, J.S.; Harding, C.V. Extracellular vesicles and infectious diseases: New complexity to an old story.
J. Clin. Investig. 2016, 126, 1181–1189. [CrossRef] [PubMed]

48. Turpin, D.; Truchetet, M.E.; Faustin, B.; Augusto, J.F.; Contin-Bordes, C.; Brisson, A.; Blanco, P.; Duffau, P.
Role of extracellular vesicles in autoimmune diseases. Autoimmun. Rev. 2016, 15, 174–183. [CrossRef]

49. Reece, J.B.; Urry, L.A.; Cain, M.L.; Wasserman, S.A.; Minorsky, P.V.; Jackson, R.B. Campbell Biology; Pearson:
Boston, MA, USA, 2014.

50. Rodrigues, M.L.; Nakayasu, E.S.; Almeida, I.C.; Nimrichter, L. The impact of proteomics on the
understanding of functions and biogenesis of fungal extracellular vesicles. J. Proteomics 2014, 97, 177–186.
[CrossRef]

51. Brown, L.; Wolf, J.M.; Prados-Rosales, R.; Casadevall, A. Through the wall: Extracellular vesicles in
Gram-positive bacteria, mycobacteria and fungi. Nat. Rev. Microbiol. 2015, 13, 620–630. [CrossRef]

52. Zamith-Miranda, D.; Nimrichter, L.; Rodrigues, M.L.; Nosanchuk, J.D. Fungal extracellular vesicles:
Modulating host-pathogen interactions by both the fungus and the host. Microbes Infect. 2018, 20, 501–504.
[CrossRef]

53. Deatherage, B.L.; Cookson, B.T. Membrane vesicle release in bacteria, eukaryotes, and archaea: A conserved
yet underappreciated aspect of microbial life. Infect. Immun. 2012, 80, 1948–1957. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/0002-9394(85)90500-8
http://dx.doi.org/10.1136/bjo.77.2.128
http://www.ncbi.nlm.nih.gov/pubmed/8435417
http://dx.doi.org/10.1136/bmj.309.6960.1019b
http://www.ncbi.nlm.nih.gov/pubmed/7848439
http://dx.doi.org/10.1016/j.vetpar.2006.08.010
http://www.ncbi.nlm.nih.gov/pubmed/16962705
http://dx.doi.org/10.1099/00221287-140-6-1253
http://dx.doi.org/10.1111/j.1574-6976.2010.00215.x
http://www.ncbi.nlm.nih.gov/pubmed/20337721
http://dx.doi.org/10.1016/j.micpath.2014.07.009
http://www.ncbi.nlm.nih.gov/pubmed/25088032
http://dx.doi.org/10.1080/21505594.2018.1451184
http://dx.doi.org/10.1111/cmi.12259
http://dx.doi.org/10.1083/jcb.201211138
http://dx.doi.org/10.1016/j.micinf.2008.10.003
http://www.ncbi.nlm.nih.gov/pubmed/19028594
http://dx.doi.org/10.1083/jcb.43.1.105
http://www.ncbi.nlm.nih.gov/pubmed/4309952
http://dx.doi.org/10.1128/mSphere.00099-16
http://dx.doi.org/10.1172/JCI81135
http://www.ncbi.nlm.nih.gov/pubmed/27035812
http://dx.doi.org/10.1128/IAI.01171-09
http://www.ncbi.nlm.nih.gov/pubmed/20145096
http://dx.doi.org/10.1172/JCI81132
http://www.ncbi.nlm.nih.gov/pubmed/27035809
http://dx.doi.org/10.1016/j.autrev.2015.11.004
http://dx.doi.org/10.1016/j.jprot.2013.04.001
http://dx.doi.org/10.1038/nrmicro3480
http://dx.doi.org/10.1016/j.micinf.2018.01.011
http://dx.doi.org/10.1128/IAI.06014-11
http://www.ncbi.nlm.nih.gov/pubmed/22409932


Bioengineering 2019, 6, 13 13 of 16

54. Schwechheimer, C.; Kuehn, M.J. Outer-membrane vesicles from Gram-negative bacteria: Biogenesis and
functions. Nat. Rev. Microbiol. 2015, 13, 605–619. [CrossRef] [PubMed]

55. Acevedo, R.; Fernandez, S.; Zayas, C.; Acosta, A.; Sarmiento, M.E.; Ferro, V.A.; Rosenqvist, E.; Campa, C.;
Cardoso, D.; Garcia, L.; et al. Bacterial outer membrane vesicles and vaccine applications. Front. Immunol.
2014, 5, 121. [CrossRef] [PubMed]

56. Arnold, R.; Galloway, Y.; McNicholas, A.; O’Hallahan, J. Effectiveness of a vaccination programme for an
epidemic of meningococcal B in New Zealand. Vaccine 2011, 29, 7100–7106. [CrossRef] [PubMed]

57. Holst, J.; Oster, P.; Arnold, R.; Tatley, M.V.; Naess, L.M.; Aaberge, I.S.; Galloway, Y.; McNicholas, A.;
O’Hallahan, J.; Rosenqvist, E.; et al. Vaccines against meningococcal serogroup B disease containing outer
membrane vesicles (OMV): Lessons from past programs and implications for the future. Hum. Vaccin.
Immunother. 2013, 9, 1241–1253. [CrossRef]

58. Lee, W.H.; Choi, H.I.; Hong, S.W.; Kim, K.S.; Gho, Y.S.; Jeon, S.G. Vaccination with Klebsiella
pneumoniae-derived extracellular vesicles protects against bacteria-induced lethality via both humoral and
cellular immunity. Exp. Mol. Med. 2015, 47, e183. [CrossRef]

59. Shockman, G.D.; Barrett, J.F. Structure, function, and assembly of cell walls of gram-positive bacteria. Annu.
Rev. Microbiol. 1983, 37, 501–527. [CrossRef]

60. Rivera, J.; Cordero, R.J.; Nakouzi, A.S.; Frases, S.; Nicola, A.; Casadevall, A. Bacillus anthracis produces
membrane-derived vesicles containing biologically active toxins. Proc. Natl. Acad. Sci. USA 2010, 107,
19002–19007. [CrossRef]

61. Prados-Rosales, R.; Carreno, L.J.; Batista-Gonzalez, A.; Baena, A.; Venkataswamy, M.M.; Xu, J.; Yu, X.;
Wallstrom, G.; Magee, D.M.; LaBaer, J.; et al. Mycobacterial membrane vesicles administered systemically in
mice induce a protective immune response to surface compartments of Mycobacterium tuberculosis. mBio
2014, 5, e01921-14. [CrossRef]

62. Albuquerque, P.C.; Nakayasu, E.S.; Rodrigues, M.L.; Frases, S.; Casadevall, A.; Zancope-Oliveira, R.M.;
Almeida, I.C.; Nosanchuk, J.D. Vesicular transport in Histoplasma capsulatum: An effective mechanism for
trans-cell wall transfer of proteins and lipids in ascomycetes. Cell. Microbiol. 2008, 10, 1695–1710. [CrossRef]

63. Rodrigues, M.L.; Nimrichter, L.; Oliveira, D.L.; Frases, S.; Miranda, K.; Zaragoza, O.; Alvarez, M.; Nakouzi, A.;
Feldmesser, M.; Casadevall, A. Vesicular polysaccharide export in Cryptococcus neoformans is a eukaryotic
solution to the problem of fungal trans-cell wall transport. Eukaryot. Cell 2007, 6, 48–59. [CrossRef] [PubMed]

64. Rodrigues, M.L.; Nimrichter, L.; Oliveira, D.L.; Nosanchuk, J.D.; Casadevall, A. Vesicular Trans-Cell Wall
Transport in Fungi: A Mechanism for the Delivery of Virulence-Associated Macromolecules? Lipid Insights
2008, 2, 27–40. [CrossRef] [PubMed]

65. Vallejo, M.C.; Matsuo, A.L.; Ganiko, L.; Medeiros, L.C.; Miranda, K.; Silva, L.S.; Freymuller-Haapalainen, E.;
Sinigaglia-Coimbra, R.; Almeida, I.C.; Puccia, R. The pathogenic fungus Paracoccidioides brasiliensis exports
extracellular vesicles containing highly immunogenic alpha-Galactosyl epitopes. Eukaryot. Cell. 2011, 10,
343–351. [CrossRef] [PubMed]

66. Vargas, G.; Rocha, J.D.; Oliveira, D.L.; Albuquerque, P.C.; Frases, S.; Santos, S.S.; Nosanchuk, J.D.;
Gomes, A.M.; Medeiros, L.C.; Miranda, K.; et al. Compositional and immunobiological analyses of
extracellular vesicles released by Candida albicans. Cell. Microbiol. 2015, 17, 389–407. [CrossRef] [PubMed]

67. Rittershaus, P.C.; Kechichian, T.B.; Allegood, J.C.; Merrill, A.H., Jr.; Hennig, M.; Luberto, C.; Del Poeta, M.
Glucosylceramide synthase is an essential regulator of pathogenicity of Cryptococcus neoformans. J. Clin.
Investig. 2006, 116, 1651–1659. [CrossRef] [PubMed]

68. Eisenman, H.C.; Frases, S.; Nicola, A.M.; Rodrigues, M.L.; Casadevall, A. Vesicle-associated melanization in
Cryptococcus neoformans. Microbiology 2009, 155, 3860–3867. [CrossRef] [PubMed]

69. Peres da Silva, R.; Puccia, R.; Rodrigues, M.L.; Oliveira, D.L.; Joffe, L.S.; Cesar, G.V.; Nimrichter, L.;
Goldenberg, S.; Alves, L.R. Extracellular vesicle-mediated export of fungal RNA. Sci. Rep. 2015, 5, 7763.
[CrossRef] [PubMed]

70. Marti, M.; Johnson, P.J. Emerging roles for extracellular vesicles in parasitic infections. Curr. Opin. Microbiol.
2016, 32, 66–70. [CrossRef] [PubMed]

71. Silverman, J.M.; Clos, J.; de’Oliveira, C.C.; Shirvani, O.; Fang, Y.; Wang, C.; Foster, L.J.; Reiner, N.E. An
exosome-based secretion pathway is responsible for protein export from Leishmania and communication
with macrophages. J. Cell Sci. 2010, 123, 842–852. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nrmicro3525
http://www.ncbi.nlm.nih.gov/pubmed/26373371
http://dx.doi.org/10.3389/fimmu.2014.00121
http://www.ncbi.nlm.nih.gov/pubmed/24715891
http://dx.doi.org/10.1016/j.vaccine.2011.06.120
http://www.ncbi.nlm.nih.gov/pubmed/21803101
http://dx.doi.org/10.4161/hv.24129
http://dx.doi.org/10.1038/emm.2015.59
http://dx.doi.org/10.1146/annurev.mi.37.100183.002441
http://dx.doi.org/10.1073/pnas.1008843107
http://dx.doi.org/10.1128/mBio.01921-14
http://dx.doi.org/10.1111/j.1462-5822.2008.01160.x
http://dx.doi.org/10.1128/EC.00318-06
http://www.ncbi.nlm.nih.gov/pubmed/17114598
http://dx.doi.org/10.4137/LPI.S1000
http://www.ncbi.nlm.nih.gov/pubmed/20617119
http://dx.doi.org/10.1128/EC.00227-10
http://www.ncbi.nlm.nih.gov/pubmed/21216942
http://dx.doi.org/10.1111/cmi.12374
http://www.ncbi.nlm.nih.gov/pubmed/25287304
http://dx.doi.org/10.1172/JCI27890
http://www.ncbi.nlm.nih.gov/pubmed/16741577
http://dx.doi.org/10.1099/mic.0.032854-0
http://www.ncbi.nlm.nih.gov/pubmed/19729402
http://dx.doi.org/10.1038/srep07763
http://www.ncbi.nlm.nih.gov/pubmed/25586039
http://dx.doi.org/10.1016/j.mib.2016.04.008
http://www.ncbi.nlm.nih.gov/pubmed/27208506
http://dx.doi.org/10.1242/jcs.056465
http://www.ncbi.nlm.nih.gov/pubmed/20159964


Bioengineering 2019, 6, 13 14 of 16

72. Geiger, A.; Hirtz, C.; Becue, T.; Bellard, E.; Centeno, D.; Gargani, D.; Rossignol, M.; Cuny, G.; Peltier, J.B.
Exocytosis and protein secretion in Trypanosoma. BMC Microbiol. 2010, 10, 20. [CrossRef] [PubMed]

73. Szempruch, A.J.; Sykes, S.E.; Kieft, R.; Dennison, L.; Becker, A.C.; Gartrell, A.; Martin, W.J.; Nakayasu, E.S.;
Almeida, I.C.; Hajduk, S.L.; et al. Extracellular Vesicles from Trypanosoma brucei Mediate Virulence Factor
Transfer and Cause Host Anemia. Cell 2016, 164, 246–257. [CrossRef] [PubMed]

74. Lavialle, F.; Deshayes, S.; Gonnet, F.; Larquet, E.; Kruglik, S.G.; Boisset, N.; Daniel, R.; Alfsen, A.; Tatischeff, I.
Nanovesicles released by Dictyostelium cells: A potential carrier for drug delivery. Int. J. Pharm. 2009, 380,
206–215. [CrossRef] [PubMed]

75. Tatischeff, I.; Lavialle, F.; Pigaglio-Deshayes, S.; Pechoux-Longin, C.; Chinsky, L.; Alfsen, A. Dictyostelium
extracellular vesicles containing hoechst 33342 transfer the dye into the nuclei of living cells: A fluorescence
study. J. Fluoresc. 2008, 18, 319–328. [CrossRef] [PubMed]

76. Marcilla, A.; Trelis, M.; Cortes, A.; Sotillo, J.; Cantalapiedra, F.; Minguez, M.T.; Valero, M.L.; Sanchez del
Pino, M.M.; Munoz-Antoli, C.; Toledo, R.; et al. Extracellular vesicles from parasitic helminths contain
specific excretory/secretory proteins and are internalized in intestinal host cells. PLoS ONE 2012, 7, e45974.
[CrossRef] [PubMed]

77. Torrecilhas, A.C.; Schumacher, R.I.; Alves, M.J.; Colli, W. Vesicles as carriers of virulence factors in parasitic
protozoan diseases. Microbes Infect. 2012, 14, 1465–1474. [CrossRef] [PubMed]

78. Mugnier, M.R.; Papavasiliou, F.N.; Schulz, D. Vesicles as Vehicles for Virulence. Trends Parasitol. 2016, 32,
435–436. [CrossRef] [PubMed]

79. Silverman, J.M.; Chan, S.K.; Robinson, D.P.; Dwyer, D.M.; Nandan, D.; Foster, L.J.; Reiner, N.E. Proteomic
analysis of the secretome of Leishmania donovani. Genome Biol. 2008, 9, R35. [CrossRef] [PubMed]

80. Silverman, J.M.; Clos, J.; Horakova, E.; Wang, A.Y.; Wiesgigl, M.; Kelly, I.; Lynn, M.A.; McMaster, W.R.;
Foster, L.J.; Levings, M.K.; et al. Leishmania exosomes modulate innate and adaptive immune responses
through effects on monocytes and dendritic cells. J. Immunol. 2010, 185, 5011–5022. [CrossRef]

81. Fernandez-Calero, T.; Garcia-Silva, R.; Pena, A.; Robello, C.; Persson, H.; Rovira, C.; Naya, H.; Cayota, A.
Profiling of small RNA cargo of extracellular vesicles shed by Trypanosoma cruzi reveals a specific
extracellular signature. Mol. Biochem. Parasitol. 2015, 199, 19–28. [CrossRef]

82. Du, Q.; Kawabe, Y.; Schilde, C.; Chen, Z.H.; Schaap, P. The Evolution of Aggregative Multicellularity and
Cell-Cell Communication in the Dictyostelia. J. Mol. Biol. 2015, 427, 3722–3733. [CrossRef]

83. Loomis, W.F. Cell signaling during development of Dictyostelium. Dev. Biol. 2014, 391, 1–16. [CrossRef]
[PubMed]

84. Lidell, M.E.; Moncada, D.M.; Chadee, K.; Hansson, G.C. Entamoeba histolytica cysteine proteases cleave
the MUC2 mucin in its C-terminal domain and dissolve the protective colonic mucus gel. Proc. Natl. Acad.
Sci. USA 2006, 103, 9298–9303. [CrossRef] [PubMed]

85. Ocadiz, R.; Orozco, E.; Carrillo, E.; Quintas, L.I.; Ortega-Lopez, J.; Garcia-Perez, R.M.; Sanchez, T.;
Castillo-Juarez, B.A.; Garcia-Rivera, G.; Rodriguez, M.A. EhCP112 is an Entamoeba histolytica secreted
cysteine protease that may be involved in the parasite-virulence. Cell. Microbiol. 2005, 7, 221–232. [CrossRef]
[PubMed]

86. Bouyer, S.; Rodier, M.H.; Guillot, A.; Hechard, Y. Acanthamoeba castellanii: Proteins involved in actin
dynamics, glycolysis, and proteolysis are regulated during encystation. Exp. Parasitol. 2009, 123, 90–94.
[CrossRef] [PubMed]

87. Dudley, R.; Alsam, S.; Khan, N.A. The role of proteases in the differentiation of Acanthamoeba castellanii.
FEMS Microbiol. Lett. 2008, 286, 9–15. [CrossRef] [PubMed]

88. Nawaz, M.; Shah, N.; Zanetti, B.R.; Maugeri, M.; Silvestre, R.N.; Fatima, F.; Neder, L.; Valadi, H. Extracellular
Vesicles and Matrix Remodeling Enzymes: The Emerging Roles in Extracellular Matrix Remodeling,
Progression of Diseases and Tissue Repair. Cells 2018, 7, 167. [CrossRef] [PubMed]

89. Rocha-Azevedo, B.D.; Jamerson, M.; Cabral, G.A.; Silva-Filho, F.C.; Marciano-Cabral, F. Acanthamoeba
interaction with extracellular matrix glycoproteins: Biological and biochemical characterization and role in
cytotoxicity and invasiveness. J. Eukaryot. Microbiol. 2009, 56, 270–278. [CrossRef] [PubMed]

90. Bayer-Santos, E.; Aguilar-Bonavides, C.; Rodrigues, S.P.; Cordero, E.M.; Marques, A.F.; Varela-Ramirez, A.;
Choi, H.; Yoshida, N.; da Silveira, J.F.; Almeida, I.C. Proteomic analysis of Trypanosoma cruzi secretome:
Characterization of two populations of extracellular vesicles and soluble proteins. J. Proteome Res. 2013, 12,
883–897. [CrossRef]

http://dx.doi.org/10.1186/1471-2180-10-20
http://www.ncbi.nlm.nih.gov/pubmed/20102621
http://dx.doi.org/10.1016/j.cell.2015.11.051
http://www.ncbi.nlm.nih.gov/pubmed/26771494
http://dx.doi.org/10.1016/j.ijpharm.2009.06.039
http://www.ncbi.nlm.nih.gov/pubmed/19589376
http://dx.doi.org/10.1007/s10895-007-0271-4
http://www.ncbi.nlm.nih.gov/pubmed/18074206
http://dx.doi.org/10.1371/journal.pone.0045974
http://www.ncbi.nlm.nih.gov/pubmed/23029346
http://dx.doi.org/10.1016/j.micinf.2012.07.008
http://www.ncbi.nlm.nih.gov/pubmed/22892602
http://dx.doi.org/10.1016/j.pt.2016.03.001
http://www.ncbi.nlm.nih.gov/pubmed/27006155
http://dx.doi.org/10.1186/gb-2008-9-2-r35
http://www.ncbi.nlm.nih.gov/pubmed/18282296
http://dx.doi.org/10.4049/jimmunol.1000541
http://dx.doi.org/10.1016/j.molbiopara.2015.03.003
http://dx.doi.org/10.1016/j.jmb.2015.08.008
http://dx.doi.org/10.1016/j.ydbio.2014.04.001
http://www.ncbi.nlm.nih.gov/pubmed/24726820
http://dx.doi.org/10.1073/pnas.0600623103
http://www.ncbi.nlm.nih.gov/pubmed/16754877
http://dx.doi.org/10.1111/j.1462-5822.2004.00453.x
http://www.ncbi.nlm.nih.gov/pubmed/15659066
http://dx.doi.org/10.1016/j.exppara.2009.06.006
http://www.ncbi.nlm.nih.gov/pubmed/19523468
http://dx.doi.org/10.1111/j.1574-6968.2008.01249.x
http://www.ncbi.nlm.nih.gov/pubmed/18616591
http://dx.doi.org/10.3390/cells7100167
http://www.ncbi.nlm.nih.gov/pubmed/30322133
http://dx.doi.org/10.1111/j.1550-7408.2009.00399.x
http://www.ncbi.nlm.nih.gov/pubmed/19527355
http://dx.doi.org/10.1021/pr300947g


Bioengineering 2019, 6, 13 15 of 16

91. Mantel, P.Y.; Hoang, A.N.; Goldowitz, I.; Potashnikova, D.; Hamza, B.; Vorobjev, I.; Ghiran, I.; Toner, M.;
Irimia, D.; Ivanov, A.R.; et al. Malaria-infected erythrocyte-derived microvesicles mediate cellular
communication within the parasite population and with the host immune system. Cell Host Microbe 2013, 13,
521–534. [CrossRef]

92. Evans-Osses, I.; Reichembach, L.H.; Ramirez, M.I. Exosomes or microvesicles? Two kinds of extracellular
vesicles with different routes to modify protozoan-host cell interaction. Parasitol. Res. 2015, 114, 3567–3575.
[CrossRef]

93. Rodrigues, M.L.; Nakayasu, E.S.; Oliveira, D.L.; Nimrichter, L.; Nosanchuk, J.D.; Almeida, I.C.; Casadevall, A.
Extracellular vesicles produced by Cryptococcus neoformans contain protein components associated with
virulence. Eukaryot. Cell 2008, 7, 58–67. [CrossRef] [PubMed]

94. Ulsamer, A.G.; Wright, P.L.; Wetzel, M.G.; Korn, E.D. Plasma and phagosome membranes of Acanthamoeba
castellanii. J. Cell Biol. 1971, 51, 193–215. [CrossRef] [PubMed]

95. Korn, E.D.; Dearborn, D.G.; Wright, P.L. Lipophosphonoglycan of the plasma membrance of Acanthamoeba
castellanii. Isolation from whole amoebae and identification of the water-soluble products of acid hydrolysis.
J. Biol Chem. 1974, 249, 3335–3341. [PubMed]

96. Bowers, B.; Korn, E.D. Localization of lipophosphonoglycan on both sides of Acanthamoeba plasma
membrane. J. Cell Biol. 1974, 62, 533–540. [CrossRef] [PubMed]

97. Dearborn, D.G.; Smith, S.; Korn, E.D. Lipophosphonoglycan of the plasma membrane of A canthamoeba
castellanii. Inositol and phytosphingosine content and general structural features. J. Biol Chem. 1976, 251,
2976–2982. [PubMed]

98. Dearborn, D.G.; Korn, E.D. Lipophosphonoglycan of the plasma membrane of Acanthamoeba castellanii.
Fatty acid composition. J. Biol Chem. 1974, 249, 3342–3346.

99. Karas, M.A.; Russa, R. New long chain bases in lipophosphonoglycan of Acanthamoeba castellanii. Lipids
2013, 48, 639–650. [CrossRef]

100. Franco, L.H.; Beverley, S.M.; Zamboni, D.S. Innate immune activation and subversion of Mammalian
functions by leishmania lipophosphoglycan. J. Parasitol. Res. 2012, 2012, 165126. [CrossRef]

101. Cano, A.; Mattana, A.; Woods, S.; Henriquez, F.L.; Alexander, J.; Roberts, C.W. Acanthamoeba Activates
Macrophages Predominantly through Toll-Like Receptor 4- and MyD88-Dependent Mechanisms To Induce
Interleukin-12 (IL-12) and IL-6. Infect. Immun. 2017, 85, e01054-16. [CrossRef]

102. Raederstorff, D.; Rohmer, M. Sterol biosynthesis de nova via cycloartenol by the soil amoeba Acanthamoeba
polyphaga. Biochem. J. 1985, 231, 609–615. [CrossRef]

103. Alexander-Lindo, R.L.; Morrison, E.Y.; Nair, M.G. Hypoglycaemic effect of stigmast-4-en-3-one and its
corresponding alcohol from the bark of Anacardium occidentale (cashew). Phytother. Res. 2004, 18, 403–407.
[CrossRef] [PubMed]

104. Thomson, S.; Rice, C.; Zhang, T.; Edrada-Ebel, R.; Henriquez, F.L.; Roberts, C.W. Characterisation of sterol
biosynthesis and validation of 14α-demethylase as a drug target in Acanthamoeba. Sci Rep. 2017, 7, 8247.
[CrossRef] [PubMed]

105. Jones, A.L.; Hann, A.C.; Harwood, J.L.; Lloyd, D. Temperature-induced membrane-lipid adaptation in
Acanthamoeba castellanii. Biochem. J. 1993, 290 Pt 1, 273–278. [CrossRef]

106. Liu, H.; Chen, L.; Peng, Y.; Yu, S.; Liu, J.; Wu, L.; Zhang, L.; Wu, Q.; Chang, X.; Yu, X.; et al. Dendritic cells
loaded with tumor derived exosomes for cancer immunotherapy. Oncotarget 2018, 9, 2887–2894. [CrossRef]
[PubMed]

107. Peres da Silva, R.; Heiss, C.; Black, I.; Azadi, P.; Gerlach, J.Q.; Travassos, L.R.; Joshi, L.; Kilcoyne, M.; Puccia, R.
Extracellular vesicles from Paracoccidioides pathogenic species transport polysaccharide and expose ligands
for DC-SIGN receptors. Sci. Rep. 2015, 5, 14213. [CrossRef] [PubMed]

108. Tatischeff, I. Assets of the non-pathogenic microorganism Dictyostelium discoideum as a model for the
study of eukaryotic extracellular vesicles. F1000Res 2013, 2, 73. [CrossRef]

109. Contesini, F.J.; de Alencar Figueira, J.; Kawaguti, H.Y.; de Barros Fernandes, P.C.; de Oliveira Carvalho, P.;
da Graca Nascimento, M.; Sato, H.H. Potential applications of carbohydrases immobilization in the food
industry. Int. J. Mol. Sci. 2013, 14, 1335–1369. [CrossRef]

110. James, J.; Simpson, B.K. Application of enzymes in food processing. Crit. Rev. Food Sci. Nutr. 1996, 36,
437–463. [CrossRef]

http://dx.doi.org/10.1016/j.chom.2013.04.009
http://dx.doi.org/10.1007/s00436-015-4659-9
http://dx.doi.org/10.1128/EC.00370-07
http://www.ncbi.nlm.nih.gov/pubmed/18039940
http://dx.doi.org/10.1083/jcb.51.1.193
http://www.ncbi.nlm.nih.gov/pubmed/4329520
http://www.ncbi.nlm.nih.gov/pubmed/4831216
http://dx.doi.org/10.1083/jcb.62.2.533
http://www.ncbi.nlm.nih.gov/pubmed/4139166
http://www.ncbi.nlm.nih.gov/pubmed/1270435
http://dx.doi.org/10.1007/s11745-013-3794-2
http://dx.doi.org/10.1155/2012/165126
http://dx.doi.org/10.1128/IAI.01054-16
http://dx.doi.org/10.1042/bj2310609
http://dx.doi.org/10.1002/ptr.1459
http://www.ncbi.nlm.nih.gov/pubmed/15174002
http://dx.doi.org/10.1038/s41598-017-07495-z
http://www.ncbi.nlm.nih.gov/pubmed/28811501
http://dx.doi.org/10.1042/bj2900273
http://dx.doi.org/10.18632/oncotarget.20812
http://www.ncbi.nlm.nih.gov/pubmed/29416821
http://dx.doi.org/10.1038/srep14213
http://www.ncbi.nlm.nih.gov/pubmed/26387503
http://dx.doi.org/10.12688/f1000research.2-73.v1
http://dx.doi.org/10.3390/ijms14011335
http://dx.doi.org/10.1080/10408399609527735


Bioengineering 2019, 6, 13 16 of 16

111. de Souza, P.M.; de Oliveira Magalhaes, P. Application of microbial alpha-amylase in industry—A review.
Braz. J. Microbiol. 2010, 41, 850–861. [CrossRef]

112. Divakar, S. Glycosidases; Springer: Bangalore, India, 2013.
113. Taron, C.; Bielik, A.; Guthrie, E.P.; Shi, X. Redesigning Glycosidase Manufacturing Quality for Pharmaceutical and

Clinical Applications; New England Biolabs: Ipswich, MA, USA, 2017.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1590/S1517-83822010000400004
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Free Living Amoebae (FLA) 
	FLAs and the Genus Acanthamoeba 

	Extracellular Vesicles (EVs) and Their Role in Microorganism Adaptation 
	Characterized EVs Throughout Other Kingdoms and Their Role in Microbial Pathogenesis 
	Protozoa EVs and Pathogenesis 
	Recently Characterized EVs of FLAs and Their Impact in Pathogenesis 
	Further Potential Applications of FLAs EVs 
	Conclusion Remarks 
	References

