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Abstract

Purpose of Review Fungal extracellular vesicles (EVs) were
first characterized a decade ago. Knowledge in this field ex-
panded rapidly and although several questions remain unan-
swered, it is now clear that EVs play fundamental biological
roles in fungi. In this manuscript, we update the reader with
the most recent information on the participation of EVs in
fungal physiology and pathogenesis.

Recent Findings Fungal EVs were initially associated with
the transport of macromolecules across the cell wall and
extracellular delivery of virulence factors. However, re-
cent findings indicate that they might also participate in
prion transmission, response to nutrient availability, RNA
export, morphological transition, and stimulation of dif-
ferent phagocytes.

Summary The recent literature on fungal EVs reinforces the
perception that these compartments are involved in intercellu-
lar communication and may represent interesting targets for
antifungal development and tools for the generation of fungal
vaccines.
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Introduction

Extracellular vesicles (EVs) are membranous structures that
participate in the release of hundreds of molecules to the cel-
lular outer space [1]. EV release is ubiquitous in nature, and all
organisms use this mechanism for exporting molecules of
very different chemical nature [1-5]. Physical chemical and
biological properties of EVs and their mechanisms of biogen-
esis in both eukaryotes and prokaryotes have been extensively
reviewed [1, 6-8]. EVs play fundamental roles in a number of
pathophysiological conditions, including cancer and microbi-
al infections [6, 9-11].

Cell wall-containing organisms, including plantae, fungi, and
bacteria, produce EVs that traverse polysaccharide
or peptidoglycan matrices to reach the extracellular space [7,
12]. Fungi were the first cell wall-containing eukaryotes dem-
onstrated to produce EVs, which were in fact suggested to rep-
resent a eukaryotic solution to the problem of trans-cell wall
passage [13]. Initial studies with the yeast-like pathogen
Cryptococcus neoformans were rapidly followed by research
on other fungal species and Gram-positive bacteria [4, 5, 14].
In fungi, after the characterization of the external membrane
structures of C. neoformans as EVs, similar compartments were
identified in Histoplasma capsulatum [15], Candida
parapsilosis [15], Sporothrix schenckii [15], Saccharomyces
cerevisiae [16], Malassezia sympodialis [17], Paracoccidioides
brasiliensis [18-20], C. albicans [21-23], Alternaria infectoria
[24], and Pichia fermentans [25¢]. It is now assumed that the
phenomenon of EV production by fungal cells is a universal
mechanism of transport of macromolecules to the extracellular
space [8, 26]. Major questions that remain still unanswered are
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the focus of a number comprehensive reviews [7, 8, 27-29],
including those focused on methodological approaches [30]. In
this article, we aim to update the reader with the most recent and
less explored findings originating from fungal EV research.

Historic Overview of Fungal EVs: They Have
Always Been There

As mentioned above, fungal EVs were first described in 2007
in studies using the yeast-like pathogen C. neoformans.
However, microscopic evidence reporting the existence of
fungal EVs became available decades before their first com-
plete description. In 1972, Gibson and Peberdy demonstrated
by transmission electron microscopy (TEM) vesicle-like
structures budding from the cell surface of protoplast prepara-
tions of Aspergillus nidulans [31]. One year later, Takeo and
colleagues used freeze-fracture electron microscopy to de-
scribe “spherical invaginations which secrete vesicles outside
the membrane” of C. neoformans [32]. The same group used
freeze-fracture microscopy to characterize “baglike paramural
bodies showing multivesicles” in fusion with the plasma
membrane [33]. These structures showed striking similarities
with the currently well-known multivesicular bodies (MVBs).
These MVBs fuse with the plasma membrane and originate
EVs called exosomes [34]. In the early 90s, Anderson and
colleagues observed vesicles associated with outer layers of
the cell wall of C. albicans in TEM preparations [35]. In
Schizosaccharomyces pombe protoplasts, multiple membrane
blebbing originating EVs were observed by TEM [36].
Finally, 7 years before the characterization of fungal EVs,
glucosylceramide-containing vesicles moving from the plas-
ma membrane to the cell wall were observed in cryopreserved
TEM preparations of C. neoformans [37]. Glucosylceramide
was further confirmed as a major lipid component of
C. neoformans EVs [13]. This information is in accordance
with early studies describing lipids as cell wall components in
fungi [38]. Cell wall lipids are now understood as transitory
surface components associated with passage of EVs through
the cell wall [8].

Novel Roles of EVs

As widely reported, fungal EVs were associated with secreto-
ry mechanisms resulting in the extracellular export of pig-
ments, nucleic acids, and proteins, but the physiological
mechanisms behind these findings are still not clear. Fungal
EVs were also linked to glycan export and surface architecture
in C. neoformans [13] and P. brasiliensis [39e, 40]. Other
physiological functions of fungal EVs are not clearly under-
stood. On the other hand, EVs are apparently important for
immunopathogenesis of mycoses [6]. In the topics below and
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in Fig. 1, we summarize the most recent findings directly
linking EV production with pathophysiological events in
fungi.

Prion Transmission

In §. cerevisiae, diverse cytoplasmic proteins can form self-
perpetuating protein aggregates (e.g., prions and prion-like
proteins) which are the vectors of heritable non-Mendelian
phenotypic traits [41]. These structures correspond to infec-
tious epigenetic elements of inheritance that replicate by
templating their aggregated state onto soluble proteins of the
same type [42]. As described for their human counterparts,
yeast prions induce phenotypic changes in their host cells
[43]. The prototype yeast prion is the translation termination
factor Sup35. Prions composed of Sup35 are heritable and
are transmitted vertically to progeny or horizontally during
cell division upon cytoplasmic mixing during mating [44ee,
45e0e].

In mammalian cells, EVs have been proposed as vehicles
by which aggregated proteins are transferred between cells, on
the basis of the observation that neurodegeneration-associated
proteins are secreted as cargo of EVs [46]. In S. cerevisiae,
EVs contained Sup35 in its infectious prion conformation,
suggesting the possibility of EV-mediated cell-to-cell transfer
of fungal prions [45¢¢]. This hypothesis was further confirmed
by the observation that Sup35-containing EV's were taken up
by recipient cells, which self-sustained Sup35 protein aggre-
gation [44ee]. It is still unclear whether prions other than
Sup35 are exported via EVs, but these studies suggest a role
of EVs in yeast prion clearance and/or propagation [47] and
validate the hypothesis that fungal EVs could mediate cell-to-
cell communication [48ee].

Morphological Transition and Biofilm Formation

The vast majority of the studies characterizing fungal EVs
used yeast cells. More recently, EVs were described in the
filamentous fungi A. infectoria [24]. Although the roles of
EVs in fungal morphological transitions are still unclear, it
has been hypothesized that they could have an active role
when single cells start to differentiate into multicellular struc-
tures [25¢]. EVs from pseudohyphal and unicellular cultures
of P. fermentans differed in size and composition, suggesting
stage-specific changes during EV formation. Importantly, EV
production was linked to biofilm formation in P. fermentans
cultures under hypoxia [25¢], reinforcing the possibility that
fungal EVs participate in populational communication. In
fact, EV release was associated with development and stability
of bacterial biofilms, suggesting a role in extracellular matrix
formation [49, 50].
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Fig. 1 Overview of the most recent findings related to the functions of
fungal EVs. Vesicle preparations of different fungi have been shown to
participate in small RNA export, regulation of extracellular proteins,
phagocyte responses, and prion transmission. Due to properties that
were associated with yeast to hyphae transitions in P. fermentans,
fungal EVs are also supposed to participate in morphological switch.
EVs are represented as extracellular spherical compartments. CW cell
wall. For details, see topics 1 to 5 in the text

RNA Export

Based on evidence that mammalian EVs consist of vehicles
exporting nucleic acids, fungal vesicles were assessed for the
presence of RNA. A seminal study indicated that
C. neoformans, P. brasiliensis, S. cerevisiae, and C. albicans
use EVs to transport RNA to the outer space [48¢¢]. Most of
the EV RNA consisted of small (< 250 nt long) molecules
distributed into small nucleolar (snoRNA), small nuclear
(snRNA), ribosomal (rRNA), transfer (tRNA), and messenger
(mRNA) RNAs. More recently, small RNAs were character-
ized in EVs from M. sympodialis, a fungus associated with
atopic eczema [51]. M. sympodialis EVs contained a set of
reads with well-defined start and stop positions, in a length
range of 16 to 22 nucleotides. RNA composition was not
influenced by conditions simulating normal human skin or
atopic eczema, suggesting the existence of a constitutive
mechanism of EV-mediated export RNA in this fungus [51].
The roles of EV-associated RNA in fungi are still unknown,
but the potential of these structures to mediate cell-to-cell
communication and pathogenesis is immense.

Regulation of Extracellular Proteins

Protein composition was first determined in C. neoformans
EVs by using a proteomic approach [52]. Proteomic analyses

were further performed in EVs obtained from cultures of
H. capsulatum [15, 53], S. cerevisiae [16, 54],
P, brasiliensis [19], C. albicans [22, 23], A. infectoria [24],
and M. sympodialis [51]. In all cases, EV protein composition
was highly diverse and included a high content of cytoplasmic
proteins lacking conventional secretory tags. This diversity
was associated to the hypothesis that EV formation was a
general mechanism of cytoplasmic subtraction for putative
regulation of cell volume [26, 55]. However, changes in the
protein composition of EVs in S. cerevisiae and
H. capsulatum in response to variations in culture conditions
and antibody binding, respectively, suggested a higher speci-
ficity in EV-mediated protein.

Gluconeogenic enzymes are secreted when S. cerevisiae
is cultivated in low glucose conditions [56]. However,
when cells are transferred to media containing
high glucose, they are internalized [57]. EV analysis in this
model revealed that under glucose starvation, small vesi-
cles (30-50 nm) largely predominated in comparison to
larger structures (100—300 nm) [54]. This predominance
was reverted upon addition of glucose in a process that
depended on the expression of END3, a gene that is gener-
ally involved in the internalization of extracellular mole-
cules [54, 58]. In fact, the gluconeogenic enzymes fructose-
1,6-bisphosphatase, malate dehydrogenase,
isocitrate lyase, and phosphoenolpyruvate carboxykinase,
as well as non-gluconeogenic enzymes glyceraldehyde-3-
phosphate dehydrogenase and cyclophilin A, were distrib-
uted in the vesicle-enriched fraction in total extracts pre-
pared from cells grown in low glucose [54, 58, 59]. When
this sugar was added to glucose-starved wild-type cells,
levels of extracellular fructose-1,6-bisphosphatase, malate
dehydrogenase, isocitrate lyase, phosphoenolpyruvate
carboxykinase, glyceraldehyde-3-phosphate dehydroge-
nase, cyclophilin A, superoxide dismutase, thioredoxin,
and heat shock proteins were reduced. In cells lacking the
END3 gene, levels of these proteins in the extracellular
fraction were still high [54, 58, 59].

Further studies confirmed that vesicles carrying meta-
bolic enzymes were endocytosed at a fast rate, whereas
vesicles carrying the heat shock protein Ssalp were
endocytosed at a slow rate [60]. The phosphoinositide 3-
kinase (PI3K) regulator, Vps15p, affected the distribution
of 100-300nm EVs containing Pill, a major eisosome pro-
tein. Lack of Vpsl5 or Pill resulted in the absence of the
100-300nm EVs, and the rapid internalization of vesicles
was impaired [60].

In pathogenic fungi, the impact of the host response on EV
protein composition remained largely unknown until very re-
cently. Matos-Baltazar and colleagues [53¢¢] demonstrated
that antibodies recognizing H. capsulatum heat shock protein
60 (Hsp60) bind to fungal cells and promote changes in EV
size and composition, as well as in the activity of the
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pathogenesis-related enzymes laccase and phosphatase. This
was the first demonstration that host’s defense mechanisms
can directly impact protein loading in vesicles and fungal
metabolism.

Stimulation of Phagocytes

Fungal EVs were proven to be immunologically active [22,
61]. In vivo models of infection with C. albicans or
C. neoformans indicated that they could impact infection both
in favor of disease control [22] or infection progress [62],
respectively. The mechanisms of immunological stimulation
by fungal EVs in vivo remain largely unknown, although they
were shown to stimulate cytokine responses in models using
phagocytes in vitro. Studies with C. neoformans [61],
C. albicans [22], and M. sympodialis [17] revealed that EVs
from the three species commonly induced tumor necrosis fac-
tor alpha (TNF-x). EVs from C. neoformans and C. albicans
also shared the ability to induce transforming growth factor
beta (TGF-f), IL-10, and nitric oxide. Particularly,
M. sympodialis EVs stimulated IL-4 and similar preparations
obtained from C. albicans cultures also induced IL-12 and IL-
12p40. Of note, Candida vesicles caused upregulation of
CD86 and major histocompatibility complex class-II (MHC-
I0). It is important to highlight that it is still not known whether
fungal EVs are produced during infection. Therefore, it is
uncertain if vesicle densities used in experimental models of
phagocyte stimulation simulate in vivo conditions.

Immunological roles for P. brasiliensis EVs were explored
more recently. Carbohydrate ligands for DC-SIGN receptors
were initially identified in Paracoccidioides EVs [39¢].
Further studies by Da Silva and colleagues demonstrated
that EVs from P. brasiliensis promoted transcription of the
MI-polarization marker iNOs and diminished that of the
M2 markers Arginase-1, Ym-1, and FIZZ-1 in macrophages
[63]. EV-induced M1 polarization of macrophages resulted in
enhanced fungicidal activity, as concluded from
reduced recovery of viable internalized yeast cells. Finally,
increased expression of M2-polarization markers, stimulated
by IL-4 plus IL-10, was reverted toward an M1 phenotype in
response to secondary stimulation with P. brasiliensis vesicles
[63].

The ability of fungal EVs to stimulate environmental
phagocytes remained unknown until very recently, when
C. neoformans vesicles were demonstrated to modulate the
antimicrobial potential of the amoeboid predator
Acanthamoeba. castellanii [64+]. The amoebae efficiently in-
ternalized cryptococcal EVs and their components, which re-
sulted in increased survival of C. neoformans during interac-
tion with A. castellanii. This observation strongly suggests
that fungal EVs can participate in environmental interactions
of fungi with their predators.
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Conclusions and Perspectives

A continuous flow of generation of knowledge was
established in the field of fungal EVs. The literature clearly
validates this perception, which is reinforced by unpub-
lished work presented in scientific meetings and discussion
between colleagues and/or collaborators. Efforts are spe-
cially welcome to address questions related to the potential
roles of fungal EVs during infection, assuming that,
as suggested by serological studies [15, 20, 22, 52, 53e¢],
they are indeed produced in vivo. Regulators of the biogen-
esis of fungal EVs are still unknown, as genetic studies
systematically failed to identify genes consistently
impacting EV production. Studies on the mechanisms by
which fungal EVs are formed, therefore, are also desirable.
The field, however, progressed fast; and after a decade of
knowledge, it is now clear that EV production is an impor-
tant mechanism of extracellular release in the Fungi.
Venues for exploring the use of EVs as vaccines and targets
for antifungals are open and clearly promising.
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