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Summary

The release of extracellular vesicles (EV) by
fungal organisms is considered an alternative
transport mechanism to trans-cell wall passage of
macromolecules. Previous studies have revealed
the presence of EV in culture supernatants
from fungal pathogens, such as Cryptococcus
neoformans, Histoplasma capsulatum, Paraco-
ccidioides brasiliensis, Sporothrix schenckii,
Malassezia sympodialis and Candida albicans.
Here we investigated the size, composition, kinetics
of internalization by bone marrow-derived murine
macrophages (MO) and dendritic cells (DC), and the
immunomodulatory activity of C. albicans EV. We
also evaluated the impact of EV on fungal virulence
using the Galleria mellonella larvae model. By
transmission electron microscopy and dynamic
light scattering, we identified two populations
ranging from 50 to 100 nm and 350 to 850 nm. Two
predominant seroreactive proteins (27 kDa and
37 kDa) and a group of polydispersed mannopro-
teins were observed in EV by immunoblotting
analysis. Proteomic analysis of C. albicans EV
revealed proteins related to pathogenesis, cell
organization, carbohydrate and lipid metabolism,
response to stress, and several other functions.
The major lipids detected by thin-layer chromatog-
raphy were ergosterol, lanosterol and glucosylcera-
mide. Short exposure of MO to EV resulted in
internalization of these vesicles and production
of nitric oxide, interleukin (IL)-12, transforming
growth factor-beta (TGF-B) and IL-10. Similarly,
EV-treated DC produced IL-12p40, IL-10 and tumour
necrosis factor-alpha. In addition, EV treatment
induced the up-regulation of CD86 and major histo-
compatibility complex class-Il (MHC-II). Inoculation
of G. mellonella larvae with EV followed by chal-
lenge with C. albicans reduced the number of
recovered viable yeasts in comparison with
infected larvae control. Taken together, our results
demonstrate that C. albicans EV were immun-
ologically active and could potentially interfere
with the host responses in the setting of invasive
candidiasis.
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Introduction

Candida species are the most common fungal pathogens
to cause invasive disease in humans (Hazen, 1995;
Pfaller and Diekema, 2007). Although the incidence of
non-albicans species of Candida has increased in the last
decades, Candida albicans remains the most prevalent
species isolated from patients with invasive candidiasis
(Nucci et al., 2010; Kim and Sudbery, 2011). In healthy
individuals, C. albicans growth is controlled by different
host elements, including epithelial barriers, the immune
system and microbial flora (Cheng et al., 2012; Gow and
Hube, 2012a). However, when immunological break-
downs occur, C. albicans may proliferate resulting in
disease states ranging from superficial to disseminated,
lethal infections (Cheng etal., 2012). The major risk
factors to develop invasive candidiasis include HIV infec-
tion, neutropoenia, use of intravenous catheters, expo-
sure to systemic antibacterial drugs and prolonged
periods in intensive care units (Concia et al., 2009; Kim
and Sudbery, 2011). The most commonly prescribed
drug to combat C. albicans is fluconazole (Azie etal.,
2012). Amphotericin B formulations, echinocandins and
voriconazole are often used for non-albicans infections,
but are also alternatives to combat C. albicans (Pappas
et al., 2004). Despite the current arsenal for treatment,
Candida infections are nevertheless associated with
significant morbidity and mortality rates (Pfaller and
Diekema, 2007; Arendrup, 2010). Several studies
suggest that adjuvant immunotherapy is a potential alter-
native for the treatment of candidiasis (van de Veerdonk
etal,, 2012), or for use in combination with antifungal
drugs.

The interplay between C. albicans and the innate
immune system influences the conversion between sap-
rophytic and parasitic stages (Cheng et al., 2012). Inflam-
matory cytokines such as tumour necrosis factor-alpha
(TNF-o), interleukin (IL)-1B, IL-6, and interferon-y are
associated with the control of candidiasis (Romani,
2000), whereas IL-10 and IL-4 can facilitate an immuno-
suppressive response favouring C. albicans dissemina-
tion (Romani, 2000). Pattern recognition receptors
(PRRs) at the surface of phagocytic cells distinguish
among the polysaccharides and glycoconjugates com-
posing the cell wall network (Heinsbroek et al., 2005;
Jouault et al., 2009; Netea and Marodi, 2010). However,
the immune response to candidiasis and other infections
is not exclusively dependent on pathogen—host cell
engagement. Secreted components from pathogens fre-
quently engage host PRRs, which results in modulation of
the host immune response profile.

In fungal infections, secretory mechanisms are key
events for disease establishment (Batanghari et al.,
1998; Naglik efal., 2003b; Kmetzsch et al., 2011). For

example, virulence of C. albicans is associated with con-
stitutive secretion of proteases (Braga-Silva and Santos,
2011) and lipase (Gacser et al., 2007). Recently, Sorgo
and colleagues characterized 44 proteins in the
secretome of C. albicans, including hydrolases such as
secreted aspartyl proteases (SAPs), chitinase, B-1,3
glucanase, hexosaminidase and superoxide dismutase
(Sorgo et al., 2010). The adhesins Als3 and Als4 were
also detected in C. albicans supernatants. The identifi-
cation of these virulence-associated molecules is con-
sistent with the fact that mutants with defective secretion
pathways are less virulent in murine models of candidi-
asis and these disruptants also have defective branching
and biofilm formation (Newport etal., 2003; Thomas
et al., 2009).

Recent findings demonstrate that fungal organisms
release many molecular components to the extracellular
space in extracellular vesicles (EV) (Rodrigues et al.,
2007; 2008; Albuquerque et al., 2008a; Gehrmann et al.,
2011; Vallejo etal, 2011). Proteins, polysaccharides,
lipids and pigments have been characterized in fungal EV
isolated from culture supernatants of Cryptococcus
neoformans, Paracoccidioides brasiliensis, Saccharo-
myces cerevisiae and  Histoplasma capsulatum
(Rodrigues et al., 2007; 2008; Albuquerque et al., 2008a;
Vallejo et al., 2011). In C. neoformans, EV are associated
with polysaccharide (GXM) export and capsular growth
(Rodrigues et al., 2007). Cryptococcal EV modulate
macrophage (MO) cytokines, stimulate nitric oxide (NO)
production and increase the fungicidal activity of these
cells (Oliveira et al, 2010a). Gehrmann and colleagues
have shown that EV from Malassezia sympodialis elicit
enhanced IL-4 production by CD14 and CD34-depleted
peripheral blood mononuclear cells from patients with
atopic eczema, when compared with healthy individuals
(Gehrmann efal, 2011). TNF-oo was induced by
M. sympodialis EV in both groups.

In C. albicans, the occurrence of EV was first sug-
gested by Anderson et al. (1990). These authors demon-
strated vesicle-like compartments in cell wall pimples from
opaque cultures of C. albicans yeast cells. C. albicans EV
were first isolated and observed by transmission electron
microscopy (TEM) by Albuquerque et al. (2008a), who
demonstrated the presence of bilayered compartments
similar to those initially described for C. neoformans and
H. capsulatum (Rodrigues etal., 2007; Albuquerque
et al., 2008a). Compositional and functional aspects of
C. albicans EV, however, have remained unknown. Here,
we characterized dimensions, protein composition and
immunomodulatory activity of C. albicans EV. In addition,
we demonstrated that pretreatment with EV from
C. albicans reduced yeast viability in a Galleria mellonella
model of infection. Our results reveal a complex array of
protein and lipid components in C. albicans EV that could
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modulate the activity of MOs and dendritic cells (DCs) as
well as interfere with disease pathogenesis in
G. mellonella.

Results
Morphological characterization of C. albicans EV

TEM analysis of vesicular preparations showed round
bilayered compartments with variable dimensions and
electron densities (Fig. 1A). Based on TEM images,
C. albicans EV appeared to be free of contaminant dead
cells and organelles. Using a cryoultramicrotomy-based
approach previously optimized for C. neoformans
(Oliveira etal., 2009), high-resolution images of C.
albicans cells were generated, as denoted by the
presence of well-preserved membranous structures
(Fig. 1B). Bilayered, membranous vesicles were
observed at the periplasmic space of C. albicans yeast
cells. Cell wall vesicles, however, were not clearly
observed, which is likely due to the high electron density
of this fungal compartment. As TEM uses sequential
sections, dimensional determination of EV is imprecise.
We therefore analysed EV dimensions by dynamic light
scattering, a method extensively used to measure
liposomes and recently used to measure fungal vesicles
(Eisenman et al., 2009; Oliveira et al., 2010b). Two dif-
ferent strains of C. albicans (11 and ATCC 90028) were
used to evaluate the dimensional heterogeneity of these
compartments (Fig. 1C). Both strains produced vesicles
ranging between 50 and 100 nm in diameter. However,

C. albicans

Intensity
- @
o o

15
=]

o

Extracellular vesicles from Candida albicans 391

the ATCC strain displayed a population of larger vesicles
raging from 450 to 850 nm, whereas the strain 11 dis-
played a second set of vesicles varying from 350 to
450 nm. These data confirmed that fungal EV are con-
siderably heterogeneous even among the same species.

C. albicans EV show a complex composition

Previous studies reported that fungal EV carry diverse
proteins, lipids, polysaccharides and pigments (Rodrigues
et al., 2008; Oliveira et al., 2010a,b; Vallejo et al., 2011;
2012a,b). To analyse the lipid content, C. albicans EV
were extracted with organic solvents. The resulting
molecules were partitioned and resolved by high-
performance thin-layer chromatography (HPTLC). The
lipids found were ergosterol and the neutral glycos-
phingolipid (GSL) glucosylceramide (GlcCer) (Fig. 2A),
recently described as a key virulence regulator of
C. albicans and C. neoformans (Rittershaus et al., 2006;
Noble et al., 2010). Both structures have been reported
previously as components of EV in C. neoformans
(Rodrigues et al., 2007), thus supporting our data. Super-
natants from heat-killed yeasts were also fractionated for
vesicle isolation to confirm that EV detection was not an
artefact resulting from the release of internal organelles
from dead cells and/or cell debris. Ultracentrifugation
pellets gave negative results for the presence of lipids
(data not shown), confirming that EV are only released by
live yeast cells. Protein components of C. albicans EV
were initially analysed by silver staining after sodium
dodecyl sulfate polyacrylamide gel electrophoresis

Fig. 1. Morphological and dimensional
aspects of Candida albicans EV.

A. TEM of isolated EV (strain ATCC 90028).
Scale bar, 100 nm.

B. TEM images of a C. albicans yeast cell
showing the presence of EV at both
periplasmic and extracellular spaces (strain
11). Asterisk indicates cell wall. Arrows
indicate vesicles. Scale bar 200 nm.

C. Distribution of EV dimensions. Vesicles
were isolated from strains 11 and ATCC
90028 and subjected to dynamic light
scattering analysis.
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Fig. 2. EV produced by Candida albicans contain neutral lipids and
protein components.

A. Total lipids were extracted from strain 11 with organic solvents
and partitioned in biphasic water-organic mixtures. Lipid
components with migration rates corresponding to GlcCer and
sterol were detected by thin-layer chromatography.

B. Protein content associated to vesicles was visualized by silver
staining (SS, left lane). Two major vesicle proteins were recognized
by sera from infected mice (Sm, right lane).

C. The presence of mannosylated proteins was detected using
ConA, which recognizes a-mannosyl-linked residues. Lan,
lanosterol; Erg, ergosterol; SS, silver stain; Sm, serum and S,
supernatant. Relative molecular mass markers (KDa) are indicated
on the left of B and C.

(SDS-PAGE) (Fig. 2B). These proteins were blotted onto
nitrocellulose membranes and probed with sera obtained
from mice infected with C. albicans. As previously
demonstrated for H. capsulatum and C. neoformans
(Albuquerque etal, 2008a; Oliveira etal., 2010a),
seroreactive proteins were found in C. albicans vesicles.

Two prominent bands of approximately 27 kDa and
37 kDa that reacted with serum from C. albicans-infected
mice were detected (Fig. 2B). As mannoproteins are
constitutively released by C. albicans (Calderone and
Wadsworth, 1987; Torosantucci et al., 1991; Lopez-Ribot
etal., 1995), we asked whether secretion of these
glycoproteins was also linked to EV production. Figure 2C
shows a representative result of immunoblots of protein
extracts from C. albicans EV or culture supernatants after
incubation with horseradish peroxidase (HRP)-labelled
concanavalin A (ConA). The patterns of lectin staining
were similar in both samples, consistent with highly
polydispersed mannoproteins with relatively high molecu-
lar masses (80-130 kDa). Bands were also visualized
between the relative molecular mass range of 44 and
80 kDa.

Considering that the protein profile of EV produced by
C. albicans is unknown, we analysed these membranous
compartments by proteomics. EV from strains 11 and
ATCC 90028 were investigated, allowing for the identifi-
cation of 57 protein groups (Table 1 and Supporting
Information Table S1A-D). As observed in Supporting
Information Table S1A, 35 protein groups (i.e. 10-12, 18,
20-23, 25-28, 30-37, 39, 43-51 and 53-57) were iden-
tified in strain 11, but not ATCC 90028, 15 protein groups
(i.e. 1-9, 13-15, 17, 19, and 24) were identified in both
strains and only seven protein groups (16, 29, 38, 4042,
and 52) were identified in strain ATCC 90028, but not in
strain 11. These differentially identified protein groups are
highlighted in the Supporting Information Table S1A and
indicated in Table 1. However, as our proteomic analysis
was not quantitative, that is, carried out with at least three
to five technical replicates of each biological sample, and
not performed with at least two biological replicates, we
would rather not speculate about the differential expres-
sion of the distinct protein groups in the two strains
analysed.

The proposed molecular and biological functions of
these proteins with references are shown in Supporting
Information Table S2. Using the UniProt database, the
proteins were classified according to their putative func-
tions in the fungal cells (Fig. 3), including (i) pathogenesis
(22), (ii) cell organization and biogenesis (20), (iii) carbo-
hydrate and lipid metabolism (18), (iv) stimulation of host
defences (12), (v) response to stress (4), (vi) protein
metabolism (3) and (vii) unknown functions (12). This type
of analysis allowed the distribution of the same protein in
more than one functional class. We also classified pro-
teins according to their cellular distribution (Fig. 3B). Most
vesicular proteins were associated with cell wall (29),
cytoplasm (21), extracellular environment (17) and
plasma membrane (16). Thirteen proteins had undeter-
mined cellular location and only two molecules were iden-
tified as nuclear proteins. The presence of proteins

© 2014 John Wiley & Sons Ltd, Cellular Microbiology, 17, 389—-407
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Table 1. List of protein groups identified by proteomic analysis of extracellular vesicles from C. albicans strains 11 and ATCC 90028.

Protein group identification?

Protein Accession
group number Protein name number Strain 11 Strain ATCC 90028
1 Enolase 1 P30575 + +
2 Glyceraldehyde-3-phosphate dehydrogenase Q5ADM7 + +
3 Cell wall glucanase (MP65) Q59XS9 + +
4 Putative uncharacterized protein UTH1 Q5AKU5 + +
5 Pyruvate decarboxylase P83779 + +
6 Cell wall glucanase (SCW11) Q5AKC7 + +
7 Putative uncharacterized protein TOS1 Q5AJN2 + +
8 Glycosyl hydrolase Q5AMT2 + +
9 Cell surface flocculin Q5ALT5 + +
10 Phospholipase B3 Q5AMD3 + -
11 Fructose-bisphosphate aldolase Q9URB4 + -
12 SUN family beta-glucosidase-like protein Q59NP5 + -
13 Chitinase 2 P40953 + +
14 Chitinase 3 P40954 + +
15 pH-responsive protein 2 013318 + +
16 Putative uncharacterized protein Q5AF30 - +
17 Putative uncharacterized protein P82612 + +
18 Phosphoglycerate kinase P46273 + -
19 Putative uncharacterized protein UTR2 Q5AJCO + +
20 Heat shock protein SSA1 HSP70 P41797 + -
21 pH-regulated antigen PRA1/58 kDa fibrinogen-binding mannoprotein P87020 +
22 Transaldolase Q5A017 + -
23 Potential alkyl hydroperoxide reductase Q5AF44 + -
24 Putative NADPH-dependent methylglyoxal reductase GRP2 P83775 + +
25 Triosephosphate isomerase Q9P940 + -
26 Candidapepsin-2 C4YMJ3 + -
27 Putative uncharacterized protein TKT1 Q5A750 +
28 Potential alpha-1,6-mannanase Q59QH2 + -
29 Potential alpha-1,6-mannanase Q59XY6 - +
30 Putative uncharacterized protein HSP12 Q5AGU9 + -
31 Thiamine thiazole synthase Q5ANB7 + -
32 Elongation factor 2 Q5A0M4 + -
33 Peroxiredoxin TSA1 Q9Y7F0 + -
34 Putative uncharacterized protein Q5AEL7 + -
35 Secretory aspartyl proteinase SAP9p Q59SU1 + -
36 Candidapepsin-2 PODJ0O6 + -
37 Alcohol dehydrogenase 2 094038 + -
38 Potential glycosyl hydrolase/MP65 Q59XX2 - +
39 Protein YOP1 C4YKBO + -
40 Aminopeptidase 2 Q59KZ1 - +
41 Putative uncharacterized protein C4YEV7 - +
42 Agglutinin-like ALS4 protein Q59L09 - +
43 Candidapepsin-1 POCY27 + -
44 Ras-like protein 1 Q59XU5 + -
45 Putative uncharacterized protein SSB1 Q5A397 +
46 Putative uncharacterized protein C4YDW6 +
47 Agglutinin-like ALS4 protein Q59L09 + -
48 Likely cytosolic ribosomal protein L5 Q5AGZ7 + -
49 Potential protein disulfide isomerase Q5A9W8 + -
50 Protein OS-9 homolog Q5ACR4 +
51 Elongation factor 1-alpha 1 POCY35 + -
52 Potential cell wall protein Q59Q33 - +
53 Translationally controlled tumour protein homolog Q5A860 + -
54 Nucleoside diphosphate kinase Q5AG68 +
55 Putative uncharacterized protein / PGA45 Q5AA33 + -
56 Putative uncharacterized protein ENG1 Q5AHY6 + -
57 6-Phosphogluconate dehydrogenase, decarboxylating Q5AKV3 + -

a. See Supporting Information Table S1A.

associated with pathogenesis and stimulation of host
responses in the vesicle proteome led us to investigate
whether vesicles from C. albicans interact with and stimu-
late MO and DC.

© 2014 John Wiley & Sons Ltd, Cellular Microbiology, 17, 389-407

C. albicans EV are internalized by MOs and DCs

To address whether host cells recognize C. albicans EV,
the isolated membrane compartments were stained with
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Function

B Unknown and others functions

m Pathogenesis

M Lipid and carbohydrate metabolism
W Protein Metabolism

M Celullar organization and biogenesis
W Response to stress

0 Induction by symbiont of host
defenseresponse

Localization

M Nucleus

W Cytoplasm

m Cell surface (Plasma Membrane)
m Cell surface (Cell Wall)

m Cell Surface (Unknown)

m Extracellular Region

# Unknown

Fig. 3. Classification of EV proteins. Vesicular proteins from strains 11 and ATCC 90028 were identified by mass spectrometry and classified

according to their functions and cellular localization.

the red-fluorescent lipophilic stain 1,1’-dioctadecyl-
3,3,3,3'-tetramethyl-indocarbocyanine perchlorate
(DilC1s). This compound intercalates between membrane
lipids and has been used to label EV produced by
C. neoformans (Oliveira etal.,, 2010a). We evaluated
binding and internalization of C. albicans EV by MOs and
DC using laser scanning confocal fluorescence micros-
copy or wide field fluorescence microscopy followed or
not by deconvolved analysis. After 5 min of exposure of
the MOs to the vesicles, the red fluorescence (EV-
derived) was associated with the plasma membrane
(Fig. 4). A clear co-localization was observed between
DilC+s-labelled vesicles and the MO plasma membrane
lipid GM1, suggesting the involvement of lipid rafts in
EV-host cell association (Fig. 4, merged images). We
then monitored the fate of EV in MOs for 15 min, 1 h and
16 h. Vesicles were completely internalized by MOs after
15 min incubation and were found randomly dispersed at
cytoplasm (Fig. 4). Notably, after 1 h, we visualized a
partial compartmentalization of internalized vesicles
within the MOs (Fig. 4). The kinetic of vesicle internaliza-
tion by DC was similar to that observed for the MOs
(Fig. 4).

NO and cytokine production is modulated by EV in both
MOQOs and DCs. Vesicles produced by bacteria are potent

activators of host cells (Kuehn and Kesty, 2005). On the
other hand, the immunomodulatory activity of fungal EV is
poorly understood. In this context, we investigated the
regulatory effect of EV produced by C. albicans in murine
MO and DC. Overnight incubation of RAW 264.7
phagocytes or bone marrow (BM)-derived MO with EV
from C. albicans induced NO production in a dose-
dependent fashion (Fig. 5A). Particularly, BM-derived
MOs were more efficient in producing NO. A plateau was
reached when a vesicle preparation with sterol concen-
tration corresponding to >4 uM was added to the MO
monolayer. We also examined the cytokine profile in
supernatants of MOs or DC treated with vesicles from
C. albicans. EV-treated RAW 264.7 cells produced rela-
tively high amounts of IL-12 and showed a minor increase
of transforming growth factor-beta (TGF-B) and IL-10
production, compared with controls (Fig.5B). When
BM-derived MO were incubated with EV, higher levels of
IL-12p40, IL-10 and TNF-o were detected with a slight
increase of TGF-B (Fig. 5C). These results suggested that
the response of primary cells or MO cultures to EV from
C. albicans is not identical. Production of cytokine was
also stimulated after vesicle treatment of DC. Synthesis
of IL-12, IL-10, TGF-f and TNF-o. was significantly
increased in comparison with non-stimulated DC
(Fig. 5D). Together, these data suggest that EV from

© 2014 John Wiley & Sons Ltd, Cellular Microbiology, 17, 389—-407
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Macrophages

DAPI and DiC18 DAPI and CtxB

DAPI and merged
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Dendritic cells

DAPI and DiC18 DAPI and CtxB DAPI and merged

Fig. 4. Internalization of vesicle components by BM-derived MOs and DCs. DilC18 (red)-stained vesicles (strain 11) were incubated with MOs
or DCs at different time points. The plasma membrane ganglioside GM1 (a lipid raft marker) and nuclei were stained with cholera FITC-toxin
subunit B (CtxB, green) and DAPI (blue) respectively. Co-localization of GM1 and DilCis-vesicles is evident in merged images. MOs were
observed by confocal fluorescence microscopy as described under Experimental Procedures. z= 0.8 um. Bars: 10 um. Results are
representative of 10 different fields where at least 50 host cells were visualized.

C. albicans are immunobiologically active and can modu-
late MO and DC function in vitro. Co-incubation with
polymyxin B (PMX) did not abrogate NO production (data
not shown). In all experiments, lipopolysaccharide (LPS)
was used as a positive control with complete inhibition in
the presence of PMX (data not shown).

C. albicans-derived EV reduce fungal burden in an
invertebrate model of infection by C. albicans

As we observed the activation of MO and DC by EV
derived from C. albicans in vitro, we decided to investi-
gate their biological activity in vivo using G. mellonella as
model. This invertebrate model was established to study
cellular and humoural defences with accurate results that
correlate with animal models (Hoffmann, 1995; Cotter
et al., 2000). The administration of C. albicans vesicles
with sterol contents corresponding to 1 uM and 2 uM
(sterol content) to G. mellonella prior to challenge of the
larvae with live yeast cells resulted in the significant
reduction in fungal CFUs (Fig. 6) and enhanced the sur-
vival of the larvae (20% and 40% respectively). Treatment
of larvae with EV at higher concentration alone did not
cause acute lethality (data not shown).

© 2014 John Wiley & Sons Ltd, Cellular Microbiology, 17, 389-407

C. albicans EV induce up-regulation of the membrane
expression of co-stimulatory molecules of MOs and DCs

The ability of fungal EV to stimulate an adaptive immune
response has not been previously reported. To examine
this possibility, we evaluated the expression of
co-stimulatory molecules such as CD86 and MHC-II by
MOs and DC after exposure to C. albicans EV. Figure 7A
shows that EV-treated MOs displayed a slight increase in
CD86 expression (1.2-fold increase). Levels of MHC-II
detection were comparable with those of control cells. In
contrast, considerably higher levels of CD86 and MHC-II
(2.3- and 3.1-fold increase, respectively) were observed
in DC exposed to EV in comparison with controls
(Fig. 7B).

Discussion

Pathogenic microbes influence disease development by
synthesizing and secreting molecules that modulate the
immune response. These modulatory effects are usually
investigated by minimalistic approaches that include
testing of isolated molecules and their targeted host cell
receptors. However, during disease initiation and progres-
sion, various bioactive molecules are present on the
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Fig. 5. NO and cytokine production by MOs and DCs stimulated with EV from C. albicans. Host cells were stimulated overnight with fungal EV
(strain 11) for analysis of NO production and cytokine profiles.

A. Production of NO by MOs (@ BM-derived, B RAW 264.7) was measured indirectly by Greiss reaction. Production of cytokines (IL-12p40,
TGF-B, IL-10 and TNF-a) was measured by capture enzyme-linked immunosorbent assay after incubation of Candida vesicles (corresponding
to 1 mM of sterol per well) with RAW 264.7 MOs (B), BM-derived MOs (C) and BM-derived DCs (D). Results are representative of three
independent experiments. Statistical analysis by Student’s t-test, P < 0.05.

pathogen surface. These molecules, alone or in combina- distinct (O’Leary et al., 2011; Abdullah et al., 2012). These
tion, are usually accessible to host cells. Furthermore, the modified patterns of response are directly linked to the
dynamics of host cell activation is obviously influenced by secretory activity of living cells, which is required for deliv-
the viability of the pathogen as immunomodulation pro- ering soluble virulence factors and antigens to the
files resulting from living and killed organisms are usually extracellular milieu. Likewise, secreted molecules are not
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Fig. 6. Protective effect of EV during G. mellonella infection with C. albicans. G. mellonella larvae were inoculated with EV (sterol contents
corresponding to 0, 2; 1 and 2 uM) from C. albicans (strain 11) 2 days prior to infection with 1 x 10° yeast cells.

A. Fungal survival after G. mellonella infection. Larvae were homogenized in PBS 2 days after challenge with C. albicans for CFU
determination.

B. Survival larvae after infection with yeasts of C. albicans. Controls of toxicity included EV-treated larva (2 uM sterol) and larva injected with
PBS (not shown). Results are representative of two independent experiments. Statistical analysis by one-way analysis of variance, and the
difference between groups were analysed by Bonferroni post test, P < 0.05. After day 14 all live larvae turned into pupae.
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limited to the site of infection. As extensively described
for C. neoformans polysaccharides (Dong et al., 1999;
Barbosa et al., 2007; De Jesus et al., 2008; Monari et al.,
2009; Grechi et al., 2011), secreted molecules can act
distally, impacting the functions of cells and tissues that
are not accessible to pathogenic microbes. In fact, for
diverse pathogens, secretory ability is correlated with viru-
lence (Puccia et al., 1986; Barbosa et al., 2007; Dubreuil,
2012; Luo, 2012; Youseff etal, 2012). For instance,
hydrolytic enzymes are constitutively secreted by
C. albicans (Naglik et al., 2003a; Mayer etal., 2013),
which is crucial to nutrient acquisition, tissue invasion and
damage, and evasion of the host immune response
(Naglik etal., 2003a). For the reasons listed earlier,
we investigated the ability of C. albicans to deliver
EV-associated molecules to the extracellular environment
and consequently modulate immune cells functions.
Release of EV into culture supernatants of bacteria,
fungi and protozoa has been investigated in increasing
detail in the last 5 years (Rodrigues et al., 2007; 2008;

© 2014 John Wiley & Sons Ltd, Cellular Microbiology, 17, 389-407
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Albuquerque et al., 2008a; Silverman et al., 2008; 2010a;
Bomberger et al., 2009; Oliveira etal, 2009; 2010a;
Trocoli Torrecilhas etal, 2009; Kaparakis etal.,
2010; Rivera etal., 2010; Roy etal., 2010; Chatterjee
and Chaudhuri, 2011; Kmetzsch etal., 2011; Vallejo
etal, 2011; 2012a). In fungal pathogens such as
C. neoformans, H. capsulatum and P. brasiliensis these
vesicles appear responsible for releasing molecules
required for virulence and immune modulation (Rodrigues
etal., 2007; Albuquerque etal., 2008a; Vallejo etal.,
2012a,b). These molecules are distributed into vesicle
populations that vary in dimensional and morphological
aspects (Albuquerque etal, 2008a; Rodrigues et al.,
2008; Nicola etal, 2009; Oliveira etal., 2010b;
Bayer-Santos et al., 2013). In our study, we observed at
least two major populations of C. albicans EV that were
distributed in different size ranges. This specific morpho-
logical diversity is corroborated by previous studies
(Nicola et al., 2009; Oliveira et al., 2010b). For instance,
EV produced by S. cerevisiae are also distributed in two
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populations ranging between 40 and 100 nm, and 200
and 500 nm of relative diameter (Oliveira et al., 2010b).
These data are suggestive of distinct mechanisms of
vesicle biogenesis in fungi. According to the literature
recently reviewed by Deatherage and Cookson (2012),
EV could be formed by budding at the plasma membrane
level and/or through multivesicular bodies (MVBs) fusion
with the membrane, leading to exosome release.
Exosomes range between 50 and 100 nm while shed
vesicles are usually larger (Deatherage and Cookson,
2012). MVBs are mature endosomal compartments with
multiple luminal invaginations. MVB-like structures have
been previously visualized in C. neoformans and
S. cerevisiae (Odorizzi et al., 2003; Oliveira et al., 2009),
and suggested in C. albicans (Bruckmann et al., 2001).
Thus, the two populations observed here are compatible
with exosomes (50-100 nm) and budding-derived
microvesicles (300-800 nm). The presence of two vesi-
cles populations was demonstrated by Bayer-Santos and
colleagues in culture supernatants from the protozoan
Trypanosoma cruzi (Bayer-Santos et al., 2013). Although
it would be interesting to understand mechanisms of
vesicle biogenesis in fungi, our major goals in the present
study included the characterization of vesicle components
and their capacity to modulate effective responses in
immune cells.

Using chromatographic techniques and tandem mass
spectrometry, we identified the major compounds of
C. albicans EV. Lipid composition in EV from other patho-
genic fungal species includes phospholipids, sterol
derivatives, and the GSL GlcCer, which are all fundamen-
tal components of cellular membranes (Rodrigues et al.,
2007). Our data indicated that GlcCer and sterols are the
principal neutral lipids in EV from C. albicans. Notably,
GilcCer was recently described as a virulence regulator in
C. neoformans (Rittershaus et al., 2006) and its presence
appears to be crucial during disease development and
dimorphism in C. albicans (Gow et al., 2012b). In animal
cells, this GSL is associated with addressing proteins to
different cellular sites and with hyperacidification of orga-
nelles (Sprong et al., 2001; van der Poel et al., 2011). We
speculate that GlcCer can contribute to EV biogenesis
and protein addressing. Characterization of EV derived
from C. albicans lacking GlcCer might reveal additional
roles for this GSL during EV formation.

Antigenic proteins were previously detected in EV
from C. neoformans, H. capsulatum and P. brasiliensis
(Rodrigues etal., 2007; Albuquerque etal, 2008a;
Vallejo etal., 2011). Under the conditions used in our
experiments, only two major bands from C. albicans EV
reacted with serum from patients with candidiasis.
However, using silver staining, we visualized several
additional bands, suggesting that a more complex
protein collection is extracellularly released through EV.

A proteomic analysis of C. albicans EV identified 57
unique proteins (Table 1, and Supporting Information
Table S1A-D). Notably, a large number of proteins found
in EV from C. albicans were also characterized in EV
from other fungal pathogens (Newport etal, 20083;
Thomas etal.,, 2009; Vallejo etal, 2011; 2012b). A
variety of functions have been associated with the major-
ity of these proteins in C. albicans and candidiasis,
including tissue adhesion and host penetration, biofilm
formation, hyphal growth, cell wall organization and mod-
elling, cytokinetic cell separation, heat shock response,
evasion of host immune response, glycolytic pathway,
metabolism of carbohydrates, lipids and proteins,
cell signalling, cell redox homeostasis, nucleoside
biosynthesis, cellular response to drugs, peroxidase
activity, regulation of DNA replication, regulation of
complement activation and proteolysis (see details in
Supporting Information Table S2). This complexity is
probably derived from the fact that the currently used
methods for preparation of fungal vesicles co-isolate
compartments of distinct biogenesis. Although many of
these proteins have not previously been expected to
have surface and/or extracellular distribution, a growing
body of evidence confirms that the cell wall is a second-
ary site for many of these proteins (Long etal,
2003; Nimrichter etal.,, 2005; Guimaraes etal., 2011;
Karkowska-Kuleta et al., 2011; Marcos et al., 2012). Fur-
thermore, some of these proteins are also found in
culture supernatant (Kelly and Kavanagh, 2010). Vesicle
transportation could explain the reason by which some
nuclear and cytosol proteins are detected in cell wall and
culture medium. For instance, proteins such as enolase
(Karkowska-Kuleta etal, 2011), glyceraldehyde-3-
phosphate dehydrogenase (Gpdh) (Gil etal, 2006),
fructose-bisphosphate aldolase (Pitarch etal.,, 2001),
triosephosphate isomerase (Tpi), phosphoglycerate
kinase (Pgk) (Karkowska-Kuleta et al.,, 2011) and phos-
phoglycerate mutase (Crowe etal., 2003; Karkowska-
Kuleta etal., 2011) all play key roles in the glycolytic
pathway and are detected at the C. albicans cell wall.
Notably, enolase, Gpdh, Tpi, Pgk and the glycosyl
hydrolase Bgl2, all components of C. albicans EV, elicit
human antibodies in systemic candidiasis (Pitarch et al.,
2004). Antibodies to Bgl and enolase are considered
biomarkers for a good prognosis in systemic candidiasis
(Pitarch et al., 2006). According to the literature, other
C. albicans EV proteins display more than one function,
which could be related to their distribution in distinct
fungal sites. For example, the mannoprotein MP65 has
been characterized as a hydrolase involved with adhe-
sion to endothelial cells, biofilm formation and cell wall
integrity (Sandini etal.,, 2011). Finally, it has been
recently suggested that fungal EV might correspond to
cytoplasmic subtractions derived from plasma membrane
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reshaping (Rodrigues et al.,, 2013), which is in agree-
ment with the presence of multiple cytoplasmic proteins
in fungal EV.

Fungal EV could affect disease pathogenesis by inter-
acting with and/or delivering their cargo within host cells,
as consistently demonstrated for bacterial pathogens. We
demonstrated previously that EV from C. neoformans are
internalized by MOs in a process that does not appear to
involve membrane fusion (Oliveira et al., 2010a). Leish-
mania EV are delivered to the intracellular environment of
MOs (Silverman et al., 2010a). On the other hand, Huang
and colleagues demonstrated recently that EV from
C. neoformans fuse with human brain microvascular
endothelial cells (HBMECs) membranes (Huang et al.,
2012). This association is followed by higher indices of
adhesion to and traversal of blood-brain barrier by
C. neoformans yeasts, potentiating brain invasion and
meningoencephalitis. Here we demonstrated that EV pro-
duced by C. albicans were internalized by MOs and DCs
within 15 min of incubation. Internalization of Candida
vesicles appears to involve lipid rafts, as co-localization of
vesicles and host cell GM1, a raft marker (Naslavsky
etal, 1997), was observed. After internalization, EV
apparently accumulate at specific subcellular regions,
which remain to be accurately determined. Our results
were not indicative of membrane fusion as DiC18 was not
detected at the host cell plasma membrane after vesicle
internalization. In addition, intracellular co-localization of
GM1 with EV was visualized, suggesting endosome for-
mation and receptor-mediated internalization. Exosomes
from mammalian cells are internalized through endocy-
tosis and transported to perinuclear region (Tian et al.,
2010). As we did not observe perinuclear accumulation of
C. albicans vesicles, we speculate that different mecha-
nisms of internalization are involved in this model.

Components of outer membrane vesicles (OMVs) of
bacteria and of protozoan EV are detected within host
cells, resulting in modulation of their homeostasis
(Bomberger et al., 2009; Kaparakis et al., 2010; Oliveira
etal., 2010b; Rivera etal, 2010; Roy etal., 2010;
Silverman et al., 2010a; Vallejo et al., 2011; Huang et al.,
2012). Some bacterial OMVs also appear to interact with
host cells through lipid rafts followed by membrane fusion
or receptor-mediated endocytosis (Bomberger etal,
2009; Kaparakis et al., 2010). As observed in a number of
studies using C. neoformans, protozoan and bacterial EV,
vesicles from C. albicans also modulate the effective
response of immune cells. Exposure of MOs to
C. albicans EV resulted in NO production and release of
IL-12, IL-10, TGF-B and TNF-o. Notably, the responses of
primary cells and RAW 264.7 MOs were not equivalent,
which is consistent with the well-known different proper-
ties of the activation profiles of primary phagocytes and
cell lineages (Jones et al,, 1983; Momose et al., 2000).

© 2014 John Wiley & Sons Ltd, Cellular Microbiology, 17, 389-407
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DCs were also modulated by C. albicans EV. Higher
amounts of inflammatory cytokines, such as IL-12p40 and
TNF-o. were detected. However, as observed for MOs,
TGF-B and IL-10 synthesis were also increased in DCs
when compared with controls. These data corroborate our
previous studies using EV from C. neoformans and MOs
(Oliveira et al., 2010a).

Given the experience with other MVs, we expected that
EV from C. albicans were capable of modulating the
innate immune response in vivo. According to the recent
literature, G. mellonella appears to be an ideal model to
investigate humoural and innate immune responses in
fungal infections (Hoffmann, 1995; Cotter et al., 2000).
This invertebrate produces six distinct haemocytes
and the major antifungal activity is correlated with
phagocytosis and oxidative burst (Bergin et al., 2005).
The decrease in larvae fungal burden after inoculation
with EV suggests that these compartments prime the
immune response of G. mellonella, confirming their
capacity to modulate innate immune response. However,
under the conditions used in our experiments, treatment
with EV did not result in survival differences.

The capacity of EV to activate phagocytic cells led
us to investigate their ability to induce expression of
co-stimulatory molecules. Our results demonstrated that
activation of DC by EV is accompanied by an increase of
CD86 and MHC-II expression, suggesting that, similar to
Leishmania exosomes, these EV could also modulate the
adaptive immune response (Silverman et al., 2010b). This
observation could be related to the most abundant com-
ponent of C. albicans EV, the MP65 mannoprotein. MP65
is a major target for human T-cells, inducing a protective
Th1 response (Nisini et al., 2001). In addition, this glyco-
protein is an efficient inducer of the expression of CD86
and MHC-II and other co-stimulatory molecules in DC
(Pietrella et al., 2006). Notably, MP65 shares antigenic
properties with mannoproteins from C. neoformans that
induce a protective response during murine challenges
with C. albicans and C. neoformans (Pietrella et al.,
2002). The complex composition of fungal EV could
explain our data, but additional experiments in vivo must
be performed to better understand their activity during
fungal infections. In addition, this observation supports
the future exploration of EV in vaccine preparations
against fungal infections.

Taken together, our results demonstrate that
C. albicans EV are immunologically active. In this context,
it is reasonable to conclude that these complex mem-
brane compartments have the potential to interfere with
the course of candidiasis and other fungal infections, as
previously demonstrated for C. neoformans (Kmetzsch
et al., 2011). Because of their complex molecular compo-
sition, it is impossible to predict whether C. albicans EV
would enhance fungal pathogenesis or stimulate disease
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control in mammalian invasive disease conditions, out-
comes that cannot be distinguished at this time from the
data available. Our findings show that C. albicans EV are
structurally complex and immunologically active and thus
provide a fertile area for future investigations of their role
in pathogenesis.

Experimental procedures
Fungal strains and growth conditions

Three strains of C. albicans (ATCC 90028, ATCC SC5314 and
11) were used. Strain 11 was isolated from a male patient at
Institute of Hematology Arthur Siqueira Cavalcanti and kindly
provided by Dr Dornelas (Braga-Silva et al., 2009; Laboratory
Microbiology and Mycology — HemoRio). C. albicans yeast cells
were cultivated in liquid Sabouraud medium for 48 h at 30°C with
shaking (150 rpm).

EV isolation

EVs were isolated from C. albicans conditioned medium, as
described (Rodrigues et al., 2007). In brief, C. albicans superna-
tants from 48 h cultures were subjected to sequential centrifuga-
tion steps (4000 and 15 000x g, 15 min, at 4°C). Remaining
yeasts and debris were removed by an additional step of super-
natant filtration using a 0.8 pm membrane filter (Merck Millipore).
Cell-free supernatants were then concentrated approximately
20-fold using an Amicon ultrafiltration system (cut-off, 100 kDa,
Millipore) and then centrifuged at 100 000x g for 1 h at 4°C.
Supernatants were then discarded and EV-containing pellets
washed twice with 0.1 M phosphate-buffered saline (PBS) pH 7.4
at 100 000x g for 1 h at 4°C.

Mammalian cells

LPS-free conditions were used to cultivate all host cells used in
this study. The murine MO cell line RAW 264.7 (ATCC,
Manassas) was grown in DMEM (Invitrogen, Life Technologies)
supplemented with 10% foetal calf serum, 2 mM L-glutamine,
1 mM pyruvate sodium, 10 mg ml~' gentamicin, 10 mM minimal
essential medium (MEM) non-essential amino acids, 10 mM N-2-
hydroxyethylpiperazine-N’-2-ethanesulfonic acid, and 50 mM
2-mercaptoethanol (B-ME) at 37°C and 5% CO,. BM-derived
cells from 4 to 12 weeks old Bagg albino (BALB)/c mice were
used to generate MO and DCs according to (Stanley and Heard,
1977; Lutz et al., 1999).

Animals

The use of mice was approved by the institutional Animal Care
and Use Committee of the Federal University of Rio de Janeiro.
BM-derived cells from 4 to 12 weeks old BALB/c mice were used
to generate MOs and DC according to (Stanley and Heard, 1977;
Lutz et al., 1999). For BM-derived MO, 2 x 10° BM-derived cells
were cultivated in RPMI 1640 medium supplemented with 2 mM
L-glutamine, 1 mM sodium pyruvate, 10 MM MEM non-essential
amino acids, 50 uM B-ME and 20 ng miI~' rM — colony stimulating
factor (CSF MO) at 37°C and 5% CO,. Factor rM — CSF

(20 ng mlI~") was added each third day of culture, replacing one-
third of the culture medium. BM-derived DC were obtained after
10 days under similar conditions, but in the presence of recom-
binant granulocyte-MO CSF (rGM-CSF, Peprotech) 20 ng mL™’
as factor. Cell cultures were stained for DC with CD11c-FITC
(eBioscience) and MO with F4/80-FITC or PercP.Cy5.5
(eBioscience).

TEM

Transmission electron microscopy was used to visualize intact
C. albicans yeast cells and EV. The pellets containing C. albicans
were fixed in 2% glutaraldehyde in 0.1 M cacodylate at room
temperature for 2 h and then incubated overnight in 4% formal-
dehyde, 1% glutaraldehyde and 0.1 M PBS. Samples were incu-
bated for 90 min in 2% osmium, serially dehydrated in ethanol
(30%, 50%, 70% plus uranyl 5% H,O, 90%, 100% 2x), and
embedded in Spurr’s epoxy resin. Thin sections were obtained on
a Reichert Ultracut and stained with 0.5% uranyl acetate and
0.5% lead citrate. Samples were observed in a JEOL 1200EX
transmission electron microscope operating at 80 kV (Rodrigues
etal., 2007; Albuquerque et al., 2008a). To visualize vesicles
isolated from culture supernatants of C. albicans, samples were
fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer at room
temperature for 2 h and then incubated overnight in 4% para-
formaldehyde, 1% glutaraldehyde and 0.1 M PBS. Samples were
then incubated for 90 min in 2% osmium tetroxide, serially dehy-
drated in ethanol and embedded in Spurr's epoxy resin. Thin
sections were obtained on a Reichert Ultracut and stained with
0.5% uranyl acetate and 0.5% lead citrate. Samples were
observed in a JEOL 1200EX transmission electron microscope
(JEOL, Ltd.), operating at 80 kV (Albuquerque et al., 2008b).

Lipid analysis

Otherwise indicated, all reagents and solvents used for lipid
analysis were of the highest grade available and were acquired
from Sigma-Aldrich. EV were suspended in a mixture of chloro-
form (CHCI;) : methanol (MeOH) : water (H,O) (8:4:3, v/v/v).
The mixture was vigorously vortexed and then centrifuged to
discard precipitates. Water was added to achieve a ratio of
CHCI; : MeOH : H,0 (8:4:5.6, v/v/v) and a two-phase system was
obtained (Schnaar, 1994). The lower phase containing neutral
lipids (sterol-enriched) was dried under N, atmosphere and then
dissolved in 50 pl of MeOH. Aliquots of 5-10 ul were analysed by
HPTLC. For sterol analysis, the lipid extract was loaded into
HPTLC silica plates (Merck) and resolved using a solvent system
containing hexane : ether : acetic acid (80:40:2, v/v/v) solvent.
The plate was then sprayed with a solution of 50 mg ferric chlo-
ride (FeCls) in a mixture of 90 ml water, 5 ml acetic acid and 5 ml
sulfuric acid. Sterols were visualized as red-violet spots after
heating at 100°C for 3-5 min (Rodrigues et al., 2007). GlcCer
was resolved using CHCI; : MeOH : H,O (65:25:4, v/v/v) (Folch
etal.,, 1957) and visualized after spraying with orcinol-sulfuric
acid reagent, followed by heating at 150°C for 5 min
(Barreto-Bergter et al., 2004). All experiments were performed in
triplicate and the results analysed by Student’s ttest.

SDS-PAGE and immunoblotting analysis

Proteins from EV preparations were quantified by Bio-Rad
Protein Assay Kit (Bio-Rad). The equivalent of 15ug was
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dissolved in loading buffer (1% SDS, 10% glycerol, 10 mM Tris-
HCI [pH 6.8], 1 mM B-ME, and 0.05 mg ml~" bromophenol blue)
and separated by 12% PAGE. Total protein profile was visualized
after impregnation with silver nitrate. In addition, resolved pro-
teins were transferred to nitrocellulose membranes and blocked
with 5% fat-free milk in PBS —-0.05% Tween 20 (PBS-T) for at
least 1 h. Membranes were then incubated individually with anti-
SAP 1-3 antibodies (Braga-Silva et al., 2009), serum from mice
7 days after intravenous infection with 108 C. albicans (strain 11)
yeast cells (1:500), or 2 ug mL™" biotinylated ConA for 1h at
37°C. After washing three times with PBS-T, membranes were
incubated with HRP-conjugated anti-rabbit or anti-mouse IgG
(1:2500) or avidin-HRP (1:1000). ECL (Bio-Rad) or 3,3-
diaminobenzidine (DAB, Sigma-Aldrich) solution [5 ug mi~' DAB
in 8.8 M H,O, (30%)] were used to develop the immunoblots.
Protein extracts from S. cerevisiae strain SEY6210 were used as
negative control. Culture supernatant from C. albicans strain 11
under optimal conditions for SAP secretion was used as positive
control (Ruchel et al., 1983). All experiments were performed in
triplicate.

Dynamic light scattering analysis of EV

The effective diameter of EV preparations was measured by
QELS in a 90Plus/BI-MAS Multi Angle Particle Sizing analyser
(Brookhaven Instruments Corp.). Measurements were done at
25°C. The multimodal distributions of particle size diameter were
generated by a non-negatively constrained least squares algo-
rithm based on the intensity of light scattered by each particle. All
experiments were performed in triplicate and analysed under the
same conditions.

Proteomic analysis by liquid chromatography-tandem
mass spectrometry (LC-MS/MS)

Protein pellets were suspended in 100 uL 0.4 M NH4HCO; con-
taining 8 M urea and reduced with 5 mM dithiolthreitol for 30 min
at 55°C. Reduced thiol groups were alkylated with 10 mM
iodoacetamide for 30 min at room temperature, and diluted eight-
fold to a final concentration of 1M urea, 50 mM NH,HCOs.
Samples (approx. 10 picomoles of total protein) were digested
overnight at 37°C with 6 ug sequencing grade trypsin (Sigma-
Aldrich). After quenching the reaction with trifluoroacetic acid
(TFA) to a final concentration of 0.05% TFA, samples were
desalted on 100-mg C18 cartridges (Supelco, Sigma-Aldrich)
and dried in a vacuum centrifuge. Recovered peptides were
dissolved in 2% acetonitrile (ACN) 0.5% formic acid (FA) and
subjected to 2D LC-MS/MS analysis, using an Eksigent 1D-plus
nanoLC coupled to a Thermo Fisher LTQ XL/ETD-MS (Thermo
Fisher Scientific), equipped at the front end with a TriVersa
NanoMate electrospray ionization nano-source (Advion). The
separation was carried out in an in-house 10-cm C18-reverse
phase column (360 um OD, 75 um |.D., packed with Pheno-
menex Luna 5 um C18, 100 A) (Phenomenex) in a linear gradient
(Solvent A: 5% ACN/0.1% FA, Solvent B: 80% ACN/0.1% FA).
Peptides were eluted in a linear gradient of 5-40% B over
100 min, following an online salt step fractionation on a 5 L
strong cation exchange SCX column (Optimized Technologies,
Inc.) essentially as described (Bayona et al., 2011; Nakayasu
etal.,, 2012). The MS system was set to perform one full scan
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(400-1700 m/z range) followed by MS/MS of the 10 most abun-
dant parent-ions (isolation width = 3.0 m/z, 35 normalized colli-
sion energy). The dynamic exclusion was set to collect each
parent-ion twice and then excluded for 60s. Tandem mass
spectra derived from peptides with 800—-3500 Da, more than 10
counts, and at least 15 fragment ions were converted into DTA
files using Bioworks v.3.3.1 (Thermo Fisher Scientific). Peak list
in DTA format were searched using TurboSequest (available in
Bioworks) against C. albicans, available downloaded from
Uniprot (http://www.uniprot.org/) on December 2, 2012, human
keratin and porcine trypsin sequences from the GenBank
(http://www.ncbi.nlm.nih.gov/genbank/), in both correct (forward)
and reversed orientations forming a database with 34 494
sequences. Because of sample amount limitation, we were only
able to perform a single 2D LC-MS/MS proteomic analysis of
each biological sample. Under these circumstances, the 2D LC-
MS/MS analysis provided the best peptide/protein identification
coverage. All LC-MS/MS raw files were deposited at PeptideAtlas
repository and are available for download at http://www
.peptideatlas.org/PASS/PASS00303.

Database search parameters included: (i) fully tryptic peptides
with one missed cleavage site allowed, (i) cysteine carbami-
domethylation as a fixed modification, (iii) methionine oxidation
as a variable modification and (iv) 2 Da and 1 Da for peptide and
fragment mass tolerance respectively. TurboSequest outputs
were filtered with DCn > 0.05, peptide probability <0.05, and
Xcorr 2 1.5, 2.0, and 2.5 for singly-, doubly- and triply charged
peptides respectively. After filtering, files were converted into
XML format and peptide sequences were assembled into pro-
teins and redundant proteins into protein groups using an
in-house written script (Nakayasu et al., 2012). A protein group
comprises at least one protein that is identified by a set of
peptides that, collectively, are not included in other protein group.
To ensure a false-discovery rate smaller than 1% proteins were
filtered with XCorr sum > 3.0.

Vesicle quantification

The quantification of EV fractions was determined based on the
presence of sterols, using the quantitative fluorimetric kit ‘Amplex
Red Sterol Assay Kit' (Molecular Probes, Life Technologies) or
phospholipids, using the ‘EnzyChromTM Phospholipid Assay Kit’
(EPLP-100, BioAssay Systems).

Cell viability

RAW 264.7 MO and BM-derived cells (MO and DC) were plated
onto 96-well plates (10° cells per well) and incubated with differ-
ent concentrations of EV based on sterol content (0.5-2 uM)
for 16 h. Supernatants were then collected and lactate
dehydrogenase (LDH) activity was measured. LDH is a cytoplas-
mic enzyme retained by viable cells with intact plasma mem-
branes. Membrane damage results in LDH release and its
accumulation in the supernatant. Aliquots (80 uL) of supernatant
were mixed with a buffer reaction (PBS containing 0.7 mM NADH
and 4.7 mM pyruvate). Consumption of NADH, proportional to
LDH activity, was measured in a spectrophotometer (A340 nm).
Positive and negative controls consist, respectively, of host cells
lysed with triton X-100 and supernatant of untreated cells after
16 h of cultivation. All experiments were performed in triplicate
and the results analysed by Student’s ttest.
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Production of NO

RAW 264.7 and BM-derived MO were plated onto 96-well plates
(10° per well) and washed twice with serum-free DMEM. Host
cells were then treated overnight in RPMI with EV from
C. albicans (strain 11) at different concentrations (0.5, 1, 2, 4 and
8 uM sterol per well). LPS from Escherichia coli (Sigma-Aldrich,
1 ug mi-') was used as positive control. NO was measured by
Griess method (Green et al., 1982). PMX (40 ug ml™", Sigma-
Aldrich) was added to the wells to exclude the possibility of LPS
contamination. All experiments were performed in triplicate sets
and statistically analysed by using Student’s t-test.

Production of cytokines by MOs and DCs after
stimulation of vesicles

RAW 264.7 and BM-derived cells (MO and DC) were plated onto
24-well plates (5 x 10° cells per well) and incubated with EV from
C. albicans strain 11 (1 uM sterol per well) for 24 h in the pres-
ence of 1% v/v Nutridoma-SP (Boehringer Mannheim Biochemi-
cal, Roche Applied Science) at 37°C and 5% CO.. E. coli LPS
(1 ug mi~") was used as positive control. The supernatants were
collected and IL-10, IL-12p40, TGF-$3 and TNF-a concentrations
were determined by enzyme-linked immunosorbent assay
according to the manufacturer's protocol (R&D Systems).
(Decote-Ricardo et al., 2009; Oliveira et al., 2010a). All experi-
ments were performed in triplicate and the results analysed by
Student’s ttest.

Expression of co-stimulatory molecules

RAW 264.7 and BM-derived cells were plated onto six-well plates
(3 x 108 cells per well) and incubated with EV from C. albicans
strain 11 (1 uM of sterol per well) for 24 h at 37°C and 5% CO..
Expression of MHC-Il and CD86 was analysed by flow cytometry.
The cells were collected and labelled with FITC anti-CD11c,
anti-PE IAD (MHC-Il) and anti-CD86 PECy5 antibodies for
30 min at 4°C. The antibodies dilutions were used according to
the manufacturer’'s recommendations (eBioscience). The cells
were then washed and fixed with 4% paraformaldehyde (Sigma-
Aldrich) and analysed in a FACScalibur (BD Biosciences).
The results were analysed using CellQuest program (BD
Biosciences) (Decote-Ricardo etal., 2009). E.coli LPS
(100 ng mL™") was used as positive control. All experiments were
performed in triplicates and the results analysed by Student’s
I-test.

Internalization of EV by host cells

RAW 264.7 and BM-derived cells (MO an DC) were plated onto
24-well plates covered with sterile glass coverslips (5x 10°
cells per well) and incubated with EV from C. albicans strain 11
(1 uM sterol per well) for different time points (5, 15 and 60 min
and overnight) at 37°C and 5% CO, atmosphere (Oliveira et al.,
2010a). EV used in these experiments were previously stained
with 3 mM DilCys (Invitrogen), a fluorescent lipophilic compound
that intercalates cell membranes (Oliveira et al., 2010a). DilC+g
incubated with PBS under the same conditions was used as
negative control. After the incubation period, host cells were
washed with PBS and fixed with 4% PF for 30 min at room

temperature. Cells were then washed and blocked with PBS/
BSA1% for 1 h at room temperature. The fluorescence intensity
of MOs and DCs is a direct function of the components asso-
ciated with DilCig-labelled vesicles. After fixation with 4% para-
formaldehyde (PF), cells were washed and labelled with cholera
toxin subunit B (CtxB) (1 ugml') and 4,6-diamidino-2-
phenylindole (DAPI) (10 ug ml™"), respectively, as described
(Vyas et al., 2001; Oliveira et al., 2010a). The slides were then
washed three times with PBS and mounted in 50% glycerol and
50 mM n-propyl gallate in PBS. The slides were visualized with
an AxioVision 4.8. (Carl Zeiss International) microscope. Fluo-
rescence confocal microscopy images were then collected
using an LSM 510 META NLO confocal microscope (Carl Zeiss
International). Excitation of DAPI-labelled cell nuclei was
achieved by two-photon excitation regime using a Mai Tai HP
pulsed infrared laser (Spectra-Physics, Lasers) at 740 nm.
FITC-labelled CtxB and DilCs labelled vesicles were excited
with argon ion laser at 488 nm and a diode laser at 561 nm
respectively. Emissions were collected separated in three chan-
nels using bandpass filters BP 435-485 IR (blue channel), BP
500-550 IR (green channel) and BP 575-615 IR (red channel).
All confocal microscopy images were collected using a Plan-
Apochromat 63x/1.4 DIC M27 oil immersion objective. Pinhole
diameters were set to 1 Airy unit corresponding to a z resolution
of 0.8 um.

G. mellonella survival and fungal burden assays

Galleria mellonella larvae in the final instar larval stage were
selected according to similarity in size and weight (0.10-0.15 g).
Larvae (15 per group) were inoculated with 10 pl of EV suspen-
sions (0, 2, 1 or 2 uM per insect, according to phospholipid
quantification) with a Hamilton syringe into the haemocoel
through the last proleg as described by Brennan et al. (2002).
The same number of caterpillars was inoculated with PBS in each
experiment to monitor potential effects because of physical injury
and a second control group was caterpillars without any manipu-
lation. All larvae were placed in sterile Petri dishes and main-
tained in the dark at 37°C in a stationary incubator. Two days
later, all larvae were inoculated with 10 ul of a suspension con-
taining 1 x 10° of C. albicans (strain 11). Controls of toxicity
included EV (2 uM) treated larva and larva injected with PBS.
Larva mortality was monitored daily. Larva death was assessed
by the lack of movement in response to stimulation. Killing curves
were plotted and statistical analyses were performed using the
log—rank (Mantel-Cox) test survival GraphPad Prism 5 and
results represent the mean percentage survival of larvae from all
assays. Two days after infection, five inoculated larvae were
homogenized in 2 ml PBS and 100 ul aliquots of this solution
were plated on yeast extract-peptone-dextrose agar (Difco
Bacto) containing 0.1% and 1% penicillin/streptomycin (Gibco-
BRL/Life Technologies) to prevent bacterial growth and plates
were incubated at 30°C.
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Table S1. Protein groups and individual proteins identified from
Candida albicans (strains 11 and ATCC 90028) EV by proteomic
analysis. (Note: please see row color codes at the bottom of the
table).

Table S2. Biological and molecular functions of
Candida albicans EV proteins identified by proteomic
analysis.
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