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Abstract

The secretion of biomolecules by fungal cells occurs via the conventional export of signal peptide-
coupled soluble molecules, but it also results from transport within extracellular vesicles (EV).
During the last ten years since the description of this non-conventional secretion pathway, varied,
interesting biological roles have been associated with EV release by fungi. The various organic
molecules carried by these structures are involved in pathogenesis and immune evasion, and may
be associated with cell-cell communication. In regards to host-pathogen interactions, EV roles are
diverse and organism-specific, although some features seem to be conserved among the pathogenic
fungal organisms studied to date. This review aims to highlight our current understanding of the
biologically relevant findings regarding EV released by the pathogenic fungal organisms and
describes our knowledge of the roles of EV in host-pathogen interactions.
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1. Introduction

Extracellular vesicles (EV) are lipid bilayered structures released by diverse cells from all
life domains [1]. EV have distinct names depending on their originating cell or their size.
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Some of the common names attributed to these structures are: exosomes, ectosomes,
apoptotic bodies, microvesicles, outer-membrane vesicles, among others [2]. However, in
this review, for simplicity we will refer to those released by diverse cells as EV, regardless of
their size or cellular source. The EV-mediated export of proteins to the extracellular
environment provides an alternative route for the conventional secretion of soluble proteins
that are expressed coupled to a signal peptide [3]. Intriguingly, molecular export through EV
is a strategy to protect biomolecules from chemical extracellular factors, such as proteases
and exonucleases [4].

Although the release of EV in Gram-negative bacteria has been studied since the late 60s
[5], fungal EV were isolated for the first time only in 2007 [6]. The delay in identifying and
characterizing fungal EV, as well as EV from Gram-positive bacteria [6, 7], is in large part
due to the presence of a thick cell wall separating the cell membrane and the extracellular
milieu, which was thought to make it highly unlikely that this type of protein export system
was possible in such organisms. Ten years after the description of EV production in the
human fungal pathogen Cryptococcus neoformans, the mechanism(s) by which these
structures find their way across the cell wall to the extracellular environment remain(s)
unknown [8]. Currently, there are three main hypotheses that have been generated to try to
explain this phenomenon. In the first model, the accumulation of EV between the cell
membrane and the cell wall generates a directional turgor pressure that forces the passage of
EV through the cell wall and, in this case, the size of EV would be dictated by the size of the
wall pores and/or the thickness of the cell wall. Alternatively, cell wall remodeling by the
action of the wall’s degrading and synthesis enzymes associated with EV provides the
vesicular passage to the extracellular milieu. The third hypothesis involves protein channels
across the cell wall, which would promote the passage of EV and could constitute a role for
cytoskeleton proteins that are commonly secreted through EV [9], a process which may be
energy dependent.

Over the last ten years, fungal EV have been identified and characterized in C. neoformans,
Histoplasma capsulatum, Candiaa parapsilosis, Candida albicans, Sporothrix schenckii,
Saccharomyces cerevisiae, Paracoccidioides brasiliensis and Malassezia sympodialis [10, 6,
11, 12]. Despite the increasing interest and knowledge regarding fungal EV, it also remains
unknown as to whether fungal cells release EV once they are inside their hosts, including
whether this occurs after phagocytosis, which commonly occurs with some fungal
pathogens, such as H. capsulatum. The demonstration that EV are released /n vivois still
technically difficult because of the lack of antibodies against fungal EV surface antigens.
Also, even if it is assumed that EV are released /n vivo, their biological role would still be
difficult to address because, to date, we have yet to identify a specific genetic modification
capable of solely disrupting EV release in fungi and we also lack pharmacological inhibitors
that don’t impact host cells.

Fungal EV cargo has been an issue of great interest because most of the biological roles
demonstrated for these structures seem to be dependent on EV loading. Significantly, groups
of investigators have demonstrated that fungal EV carry several enzymes involved in
metabolic pathways such as biosynthesis of amino acids, fatty acids metabolism, as others
[6, 13, 10, 14]. The secretion of enzymes involved with metabolic processes seems to be a
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common feature among fungal organisms thus far studied, but a potential biological role for
this cargo still has to be formally addressed. Although EV can be involved with many
biological effects, this review will next focus on the interaction between EV from specific
pathogenic fungi and their host environment (Fig. 1).

2. Cryptococcus neoformans

Cryptococcus neoformans is a pathogenic fungus remarkable for its ability to assemble a
surface polysaccharide capsule, the formation of which is triggered by stress signals. This
capsule is composed of glucuronoxylomannan (GXM), a polysaccharide with
immunomodulatory properties [15-21]. A mechanism of GXM export, as well as that for
other macromolecules, by C. neoformans was unknown until the late 2000s when EV release
was firstly described in fungi [6]. The capsular polysaccharide can be delivered via EV to
the fungal cell surface where it is released to self-assemble into the fibrillar capsule.
Although there may be additional mechanisms for C. neoformans capsular synthesis, the EV
pathway has revealed important new information as well as provided new potential drug
targets for study.

Moreover, the role of fungal EV in immune evasion strategies by fungi started to take place
when other well-characterized C. neoformans virulence factors such as laccase, urease and
phosphatase, were found to also be released through EV [22]. Initially, it was tempting to
hypothesize that these EV were capable of disseminating fungal virulence factors through to
distant sites in the host, but this feature seemed unlikely after it was shown that EV from C.
neoformans are disrupted in the presence of serum albumin [23]. This implied that intact EV
from C. neoformans would not in fact be able to travel through the blood stream, but the
nevertheless could exert effects locally in tissue, particularly as the inflammatory process
results in tissues receiving significant amounts of albumin due to cellular migration and
exudation [24]. Similarly, galectin-3 has been recently demonstrated to also disrupt C.
neoformans vesicles [25]. Therefore, if EV from C. neoformans are stable in peripheral
tissues, it is important to understand EV effects on tissue leukocytes, particularly
macrophages, as a way to understand their potential roles during infection. Notably, EV
from C. neoformans have been shown to be phagocytosed by macrophages and subsequently
activating these cells, as seen by the induction of nitric oxide (NO) production and cytokines
expression [26]. Curiously, the activation profile of macrophages incubated with EV from C.
neoformans is associated with the amount of GXM produced by a given strain, as the
presence of high contents of the polysaccharide leads to an anti-inflammatory profile, while
a low content to an inflammatory profile. The treatment of macrophages with EV enhances
the phagocytosis and killing of C. neoformans by these leukocytes, and EV from C.
neoformans strains with a low GXM content are more potent in promoting this effector
mechanism by macrophages than EV from isolated from C. neoformans strains with
standard GXM content. These data support the hypothesis that the amount of GXM in EV
dictates the activation profile of macrophages [26].
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3. Histoplasma capsulatum

After C. neoformans, Histoplasma capsulatum was the second fungus in which EV were
characterized. Moreover, the potential biological impact of EV was first demonstrated using
EV from H. capsulatum, as proteins carried by these EV were shown to be immunoreactive
with sera from patients with histoplasmosis [10]. However, many of the immunomodulatory
properties of EV from H. capsulatum remain unaddressed, but these EV carry important
virulence factors such as, catalase and laccase. Interestingly, the EV released from H.
capsulatum are dramatically changed if the fungal cells are incubated with monoclonal
antibodies (mAb) against the surface protein heat-shock protein 60 (hsp60). The changes
range from EV size and protein loading to the abundance of virulence factors [27]. The
previously reported protection and susceptibility conferred to mice by these mAb can be
supported by alterations triggered in EV by mAb incubation with the yeast H. capsulatum
[28]. In fact, this finding provides an exciting new mechanism of action for mAb in
modifying infectious disease biology.

4. Paracoccidioides brasiliensis

EV release has also been characterized for Paracoccidioides brasiliensis. As with H.
capsulatum, EV released by P, brasiliensis have antigenic epitopes, and can be recognized by
human sera of paracoccidioidomycosis (PCM) patients, suggesting that EV release by P
brasiliensis might play a role in the adaptive response against PCM [11]. The proteomic
analysis of EV against EV-free supernatant has revealed that some proteins can be found
secreted associated with EV, or not, while others are either exclusively secreted through EV
or through conventional secretion. The comparative proteomic analysis from EV of different
fungal organisms shows redundancy of proteins among them suggesting conserved
mechanisms of EV biogenesis [14]. The lipid profile of EV released by P, brasiliensis shows
that the most abundant fatty acids are oleic (18:1) and linoleic (18:2) acids, which reflects
the same pattern found in the yeast cells. Phosphatidylethanolamine is the most abundant
phospholipid in £ brasiliensis EV, followed by phosphatidylcholine and both of them have
lysophospholipid species (LysoPE and LysoPC). Other lipids are present such as
phosphatidylserine, phosphatidic acid, phosphatidylglycerol and phosphatidylinositol, and
also glycosphingolipids [29]. Notably, EV from £ brasiliensis induce the polarization of
macrophages to a classic inflammatory (M1) activation profile where NO and inflammatory
cytokines such as TNF-a, IL-6 and I1L-12p70 are released. Additionally, alternatively
activated macrophages (M2) incubated with EV from P, brasiliensis can change their
phenotype to a M1 profile. Curiously, these EV also induce the production of IL-1p by
primary macrophages, suggesting that EV per se are able to activate inflammasomes [30].
The inflammatory potential of 2 brasiliensis EV could be explained by the putative
recognition of mannose and N-Acetylglucosamine residues on the EV’s surface by DC-
SIGN and DC-SIGNR receptors in myeloid cells, which could lead to the activation of NF-
xB [31].
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5. Candida albicans

EV produced by Candiaa albicans appear to activate leukocytes in a more balanced
inflammatory profile compared to EV from £, brasiliensis, as measured by their cytokine
expression profiles [13]. Although C. albicans EV stimulate NO synthesis by macrophages,
EV-stimulated dendritic cells produce TGF-B, while macrophages produce IL-10, and both
produce TNF-a. This cytokine signature is balanced because the anti-inflammatory
cytokines (IL-10 and TGF-) act as breaks on the host’s response, which may prevent or
reduce tissue damage generated by an exacerbated inflammatory reaction, which is
reasonable as C. albicansis a commensal organism. Experimental data suggests that the
internalization of EV from C. albicans by phagocytes occur through lipid microdomains on
the plasma membrane. The internalization of EV activates dendritic cells to an antigen
presenting state, where not only the expression of MHCII but also CD86 are increased, and
this effect is leukocyte-specific as EV-stimulated macrophages do not present the same
phenotype. When administrated to Galleria mellonella, an invertebrate that has only an
innate immune response, C. albicans EV are capable of conferring protection in a dose-
dependent fashion to a subsequent challenge with C. albicans yeasts [13]. The immunogenic
potential of C. albicans EV has been further corroborated by the recognition of EV antigens
by sera of candidiasis patients. Furthermore, when immunized with Bgl2p, a protein that is
absent in C. albicans’ secretome but enriched in the EV fraction, Balb/c mice are partially
protected from intravenous challenge with the yeast [32]. An important component for the
host’s response against EV from C. albicans is the phospholipid phosphatidylserine, since
EV lacking phosphatidylserine synthase (CHO1) do not activate NF-xB [33].

6. Concluding Remarks

Diverse gaps in knowledge regarding fungal EV remain to be addressed, including the
deciphering of a massive presence of metabolic enzymes in fungal EV that have been
described for all EV-producing fungi so far; the presence of distinct classes of RNA in EV
from C. neoformans, C. albicans, P. brasiliensisand S. cerevisiae [34] and presumably in
other fungal EV; the immunomodulatory properties and the leukocytes’ surface receptors
responsible for EV recognition and internalization; whether stress signals or environmental
changes are able to change the composition of EV; and the molecular mechanisms of EV
biogenesis. The answers to these questions will require the development of diverse tools to
investigate the role of fungal EV, particularly in in vivo conditions. Given the inflammatory
promoting properties of EV from some fungi, as well as the fact that these EV carry diverse
fungal antigens, it is tempting to speculate that they would promote protection in vaccination
models. The mixture of proteins with carbohydrates and lipids may also lead to differential
immunological response by the host from that of T-independent antigens alone, and may
explain, for example, the generation of antibody responses to C. neoformans GXM.
Although thought provoking, this concept has to be experimentally addressed. Also, there is
still no 7n vitro or in vivo data about the effect of EV from H. capsulatum on its host. If these
EV, or any yet to be studied EV, present immunosuppressive properties this effect could be
tested as a therapeutic approach in autoimmune disorders. A better understanding of how EV
are generated and how they get to their targets in the host are another important aspect that is
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critical to investigate to better understand fungal pathogenesis and therefore to potentially
target for the development of new prophylactic and/or therapeutic strategies.
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Figure 1. Recently discovered interactions between fungal EV and the host’s environment
EV from capsular and acapsular strains of C. neoformans activates macrophages as

determined by the production of nitric oxide and cytokines as well as the augmentation of
macrophages effector functions (A). Binding of antibody against hsp60 on the surface of H.
capsulatum yeast cells modulates the loading of protein cargo in EV (B). EV from A2
brasiliensis promotes the polarization of naive and M2 macrophages towards a M1
phenotype (C). Macrophages and dendritic cells are activated by C. albicans EV, and
treatment of G. mellonellawith EV from C. albicans protects against a subsequent /in7 vivo
challenge with C. albicans yeast cells (D).

Microbes Infect. Author manuscript; available in PMC 2019 October 01.



	Abstract
	1. Introduction
	2. Cryptococcus neoformans
	3. Histoplasma capsulatum
	4. Paracoccidioides brasiliensis
	5. Candida albicans
	6. Concluding Remarks
	References
	Figure 1

