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Flippases are key regulators of membrane asymmetry and secretory mechanisms. Vesicular polysaccharide secretion is es-
sential for the pathogenic mechanisms of Cryptococcus neoformans. On the basis of the observations that flippases are re-
quired for polysaccharide secretion in plants and the putative Aptl1 flippase is required for cryptococcal virulence, we analyzed
the role of this enzyme in polysaccharide release by C. neoformans, using a previously characterized apt1A mutant. Mutant and
wild-type (WT) cells shared important phenotypic characteristics, including capsule morphology and dimensions, glucuronoxy-
lomannan (GXM) composition, molecular size, and serological properties. The apt1A mutant, however, produced extracellular
vesicles (EVs) with a lower GXM content and different size distribution in comparison with those of WT cells. Our data also sug-
gested a defective intracellular GXM synthesis in mutant cells, in addition to changes in the architecture of the Golgi apparatus.
These findings were correlated with diminished GXM production during in vitro growth, macrophage infection, and lung colo-
nization. This phenotype was associated with decreased survival of the mutant in the lungs of infected mice, reduced induction

of interleukin-6 (IL-6) cytokine levels, and inefficacy in colonization of the brain. Taken together, our results indicate that the
lack of APT1 caused defects in both GXM synthesis and vesicular export to the extracellular milieu by C. neoformans via pro-
cesses that are apparently related to the pathogenic mechanisms used by this fungus during animal infection.

he mechanisms by which eukaryotic cells secrete molecules to

the cell surface and/or to the extracellular space include both
conventional and nonconventional pathways (1, 2). Conventional
secretion requires the sequential traffic of molecules from the en-
doplasmic reticulum to the Golgi apparatus, from where eukary-
otic molecules are transported to the cell surface (2). Proteins that
engage this secretion pathway contain a signal peptide that is a
marker for conventional export (3). Proteins lacking the signal
peptide can use numerous alternative routes of export consisting
of the unconventional secretory pathways (4). Most of the mech-
anisms involved in unconventional secretory routes require for-
mation of extracellular vesicles (EVs) (1, 4).

Fungal cells export a wide variety of molecules to the extracel-
lular space. Remarkably, most of the molecules trafficked by fungi
to the extracellular milieu lack secretion signals (5-7). Extracellu-
lar fungal molecules include numerous proteins (8—11) but also
pigments (12) and polysaccharides (13, 14). It is now well ac-
cepted that these molecules are at least partially exported to the
outer space in EVs (15). It has been proposed that fungal EVs are
derived from plasma membrane reshaping resulting in cytoplas-
mic subtractions (6), but the molecular regulators of formation of
these compartments are unknown.

Lipid asymmetry is essential for the architecture of biological
membranes (16, 17). This property is dependent on composi-
tional differences between inner and outer leaflets in membrane
bilayers. Phospholipids in the outer membrane leaflet, preferen-
tially phosphatidylserine and phosphatidylethanolamine, are en-
zymatically transferred to the inner leaflet by type 4 P-type ATPase
subfamily members (P4-ATPases) known as aminophospholipid
translocases (APTs) or flippases (16-18). These enzymes, there-
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fore, play key physiological roles as transmembrane lipid trans-
porters responsible for maintaining membrane phospholipid
asymmetry. Flippases are responsible for a number of other essen-
tial physiological steps in eukaryotic cells (16, 17), including
membrane fusion events during vesicle biogenesis both at the
plasma membrane (19) and in the trans-Golgi network (20-22).
Recently, flippases have been linked to extracellular vesicle forma-
tion in Caenorhabditis elegans embryos (23, 24).

Cryptococcus neoformans is an encapsulated fungal pathogen
that causes cryptococcosis, which kills approximately 500,000
people each year (25). The pathogenicity of C. neoformans is
largely dependent on secretory mechanisms, which result in the
transport of important virulence factors to the extracellular space,
including fungal melanin, hydrolases, and immunomodulatory
polysaccharides (26). Cryptococcal extracellular polysaccharides,
which are considered to be the most important regulators of
pathogenicity (27), are also required for capsule formation, which
protects the fungus against a number of antifungal mechanisms
used by host cells (reviewed in reference 28). C. neoformans poly-
saccharides are transported to the outer milieu in EVs (14).

In C. neoformans, the APTI gene, which encodes a putative
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flippase, is required for protein secretion and fungal pathogenicity
(29). However, key virulence factors of C. neoformans, including
melanin production and capsule formation, are apparently not
affected by APT1 deletion. In this study, we investigated polysac-
charide traffic in C. neoformans mutant cells lacking Aptl. We
observed that the Aptl flippase was required for maintenance of
the Golgi morphology and for polysaccharide export in C. neofor-
mans both in vitro and in vivo, which resulted in important alter-
ations in pathogenic steps and in the host response.

MATERIALS AND METHODS

Fungal strains and growth conditions. The C. neoformans strains mainly
used in this study were the wild-type (WT) isolate H99, which was the
background strain for the APTI gene deletion (29), and the aptIA-40
mutant, which lacks expression of Aptl. Morphological analyses (nucleus
and Golgi apparatus staining, observation of vacuoles, and capsular archi-
tecture tests) also included the complemented aptI+APTI-25 strain.
Stock cultures were maintained on YPD solid medium (1% yeast extract,
2% peptone, 2% dextrose, and 2% agar) supplemented with Geneticin
(G418) (200 pg/ml) for selection of C. neoformans APTI deletion trans-
formants. For most experiments, C. neoformans H99 and aptIA strains
were grown in a minimal medium composed of glucose (15 mM), MgSO,,
(10 mM), KH,PO, (29.4 mM), glycine (13 mM), and thiamine-HCI (3
wM), pH 5.5, for 48 h at 25°C with shaking. For routine morphological
analyses, C. neoformans cells (10-pl suspensions) were placed onto glass
slides and mixed with India ink. The suspensions were covered with glass
coverslips and analyzed with an Axioplan 2 (Zeiss, Germany) microscope.
Image processing required a Color View SX digital camera and the analy-
SIS (Soft Image System) software. Capsular dimensions were determined
using the Image] software (version 1.45s).

Effects of APT1 deletion on phenotypic traits of C. neoformans.
Analyses of C. neoformans cells by fluorescence microscopy were per-
formed for determination of capsular and Golgi morphologies. Staining
of the Golgi apparatus was based on a previously described protocol (30).
The Golgi staining reagent was C6-NBD-ceramide, which accumulates at
the Golgi apparatus of either living or fixed cells (31). Yeast cells were fixed
with 4% paraformaldehyde in phosphate-buffered saline (PBS), followed
by washing with the same buffer and incubation with C6-NBD-ceramide
(20 mM) for 16 h at 4°C. The cells were then incubated with bovine serum
albumin (BSA) (1%) at 4°C for 1 h to remove the excess C6-NBD-cer-
amide (31). For staining of the cell wall, the cells were then extensively
washed and incubated for 15 min with Uvitex 2B (0.1 mg/ml) (Poly-
sciences, Warrington, PA) at room temperature, followed by washing
with PBS and analysis by fluorescence microscopy. Different staining pat-
terns were determined in approximately 300 cells of each strain using the
Image]J software. For capsule staining, yeast cells (10°) were fixed in 4%
paraformaldehyde in PBS. Fixed yeast cells were washed twice with PBS
and blocked with 1% BSA in PBS (PBS-BSA) for 1 h. For cell wall chitin
staining, the cells were suspended in 100 pl calcofluor white (Invitrogen,
Carlsbad, CA) (5 pg/ml) and incubated for 30 min at 37°C. For staining of
glucuronoxylomannan (GXM), the cells were washed with PBS and incu-
bated for 1 h in the presence of the 18B7 (1 wg/ml) monoclonal antibody
(MAD), a mouse anti-GXM IgG1 that has been extensively used in a num-
ber of protocols aiming at determining the morphology and functions of
capsular components (32). The cells were finally incubated with a fluores-
cein isothiocyanate (FITC)-labeled goat anti-mouse IgG (Fc-specific) an-
tibody (Sigma-Aldrich Corp., St. Louis, MO, USA). For a negative con-
trol, we used an isotype-matched irrelevant IgG at the same concentration
used for MADb 18B7. Cell suspensions were mounted over glass slides as
described above and analyzed under an Axioplan 2 (Zeiss, Germany) flu-
orescence microscope. The morphological aspects of the fungal cell sur-
face were analyzed by regular protocols of scanning electron microscopy,
as previously described by our group (33). Morphological analysis also
included staining of the nucleus. Yeast cells were fixed in 4% paraformal-
dehyde in PBS for 30 min, washed three times with the same buffer, and
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incubated with 10 pg/ml DAPI (4',6’-diamidino-2-phenylindole) (Sig-
ma-Aldrich, St. Louis, MO, USA) for 30 min at room temperature. After
washing with PBS, the cells were analyzed microscopically as described
above. On the basis of the demonstration that aptIA cells manifest defec-
tive kinetics for vacuolar formation (29), the number of large (>1-pm)
intracellular vacuolar compartments in WT and mutant strains (100 cells
of each strain) was also determined. For this analysis, fungal cells were
analyzed microscopically as described above and photographed under the
differential interferential contrast (DIC) model. Images were analyzed
using Image] software (version 1.45s).

Indirect measurement of flippase activity. In eukaryotes, phosphati-
dylserine (PS) is usually maintained in the cytosolic side of cell mem-
branes by flippases. Therefore, PS is accessible to annexin V only if asso-
ciated with the outer leaflet of the plasma membrane, which might result
from reduced flippase activity. PS exposure in WT and aptIA cells was
analyzed using the annexin V-FITC detection kit (APOAF; Sigma-Al-
drich, St. Louis, MO, USA) following the manufacture’s instructions.
Flippase activity was also assessed based on the ability of C. neoformans to
translocate a PS analog (34). Briefly, WT and mutant cells were cultivated
for 24 h at 30°C in yeast extract-peptone-dextrose (YPD) medium. The
cells were washed three times in PBS, and 2 X 107 yeast cells were
suspended in a 50 wM solution (in PBS) of the fluorescent PS analog
1-palmitoyl-2-{6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl}-
sn-glycero-3-phosphoserine (NBD-PS) (Avanti Polar Lipids, Alabaster,
AL, USA) for further incubation at 37°C for 60 min. The cells were then
transferred to ice, and 5 ml of ice-cold PBS-BSA was added to the suspen-
sion, resulting in extraction of NBD-PS from the outer leaflet of the
plasma membrane. Alternatively, ice-cold PBS was used to wash the cells.
After 15 min, the cells were pelleted, suspended in PBS, and then analyzed
by flow cytometry in a Becton Dickinson LSRII cytometer. The index of
lipid translocation was determined by dividing the mean fluorescence of
fungal populations containing inner membrane leaflet-associated
NBD-PS (obtained after extraction with BSA) by the mean fluorescence of
similar samples that were not treated with PBS-BSA (total membrane-
associated NBD-PS). The residual NBD-PS present in washing superna-
tants was measured in a Victor multilabel plate reader fluorimeter, using
excitation and emission wavelengths of 485 and 535 nm, respectively, and
a 0.1-s exposure.

Isolation of EVs. Fungal extracellular vesicles (EVs) were isolated
from culture supernatants as described in a number of studies by sequen-
tial centrifugation steps (8, 9, 11, 13, 14, 35). Briefly, the cells and debris
were removed from culture fluids by centrifugation at 5,000 and 15,000 X
g (15 min, 4°C). The remaining supernatants were filtered through
0.8-pm membranes and ultracentrifuged at 100,000 X g for 1 h at 4°C.
The resulting pellets were washed three times with PBS under the same
conditions. Extravesicular GXM was removed from vesicle preparations
by immunoprecipitation. In these assays, pellets from the 100,000 X g
centrifugation were suspended in 50 wl PBS and added to the wells of a
96-well enzyme-linked immunosorbent assay (ELISA) plate previously
coated with MAb 18B7 (10 pg/ml, 1 h) and blocked with PBS—1% BSA (1
hat37°C). The plates were incubated for 1 h at room temperature, and the
unbound fraction, containing vesicles free of soluble GXM, was collected
and again filtered through 0.8-pm membranes to remove any potential
aggregate or contaminating cells. The resulting suspensions containing
intact vesicles were used for diameter determination by dynamic light
scattering (DLS), as described by Eisenman and colleagues (12). Alterna-
tively, the suspensions were vacuum dried and suspended in chloroform-
methanol (9:1, vol/vol) mixtures (14). After immediate formation of a
precipitate, the suspension was centrifuged, and the resulting sediment
was solubilized in PBS for quantitative ELISA for GXM determination
(36) and analysis of polysaccharide dimensions by DLS (37). The chloro-
form-methanol supernatant was dried under a N, stream and analyzed by
thin-layer chromatography for quantitative sterol analysis (35). Sterols
have been previously described as components of the membranes of fun-
gal EVs that indirectly reflect the amount of isolated vesicles (14, 35).
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Therefore, all quantitative analysis of polysaccharides in cryptococcal ex-
tracellular vesicles included normalizations as follows: (polysaccharide
mass)/(vesicular sterol concentration X cell number in the original cul-
ture ).

Composition, size, and serological analyses of polysaccharide frac-
tions. Cryptococcal GXM fractions were obtained from culture super-
natants and cell pellets. GXM was obtained from culture supernatants
by ultrafiltration, as described by our group previously (38). Cellular
polysaccharides were extracted with dimethyl sulfoxide (DMSO), fol-
lowing protocols that were established for efficient removal of GXM
from C. neoformans cells (39). To ensure that intracellular GXM was
extracted from fungal cells, we monitored membrane permeabilization
with DMSO by propidium iodide staining, which revealed that the solvent
permeabilized virtually 100% of the C. neoformans cells (data not shown).
Polysaccharides were quantified by ELISA for specific GXM detection
(36) and by the phenol-sulfuric acid method for total carbohydrate deter-
mination (40). Polysaccharide dimensions were determined by DLS, as
previously described by Frases and colleagues (37). The monosaccharide
composition of each polysaccharide fraction was determined by gas chro-
matography-mass spectrometry (GC-MS), following methanolysis and
derivatization with trimethylsilane (TMS) (41, 42). GC was performed
with a SE-54 column (30 m by 0.25 mm by 0.5 mm; Thomas Scientific) on
a Trace GC (Thermo Fisher, Austin, TX) with the following running con-
ditions: 140°C (2 min), 5°C/min gradient, 250°C (10 min) intermediate
temperature, and 15°C/min gradient I with a final temperature of 265°C/
min (5 min). The carrier gas was helium, with a constant flow rate of 1.5
ml/min. The molecules were ionized by electron impact at 70 eV. MS
acquisition was performed with a linear scanning mode at the 40 to 650
m/z range (Polaris Q; Thermo Fisher). scyllo-Inositol added as an internal
standard before methanolysis was used for normalization and quantifica-
tion. Each sample was run at least three times, and the sugar residues were
identified with the help of a monosaccharide mix (43). The reactivities of
polysaccharide fractions from WT and mutant cells with different
mouse MAbs to GXM (18B7 [IgG1] and 13Al, 12F1, and 2D10 [IgM])
(44-46) were analyzed by dot blotting and ELISA, as previously described
(36, 38).

Determination of GXM during interaction of C. neoformans with
host cells in vitro. The effects of APT1 deletion during the interaction of
C. neoformans with mammalian cells was assessed in experimental models
using the murine macrophage-like lineage J774.A1, obtained from the
American Type Culture Collection (ATCC). Cultures were grown to con-
fluence in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% (vol/vol) fetal bovine serum (FBS) at 37°C under a 5% CO,
atmosphere in the wells of 96-well culture plates. C. neoformans cells were
suspended in fresh DMEM to form fungal suspensions at a density of 10
yeast cells per macrophage. This suspension was used to replace the cul-
ture medium of animal cells, and then the systems were incubated at 37°C
with 5% CO, for 24 h. Free yeast cells were removed by washing with PBS,
and then the infected macrophages were lysed with cold water. The result-
ing suspension was plated onto YPD solid agar for counting of CFU.
Alternatively, the suspension obtained by macrophage lysis was assessed
for GXM quantification by ELISA (36). The CFU values were used as a
normalization factor for the determination of GXM production during
macrophage infection.

In vivo studies. In vivo infection studies were conducted according
to a previously described intranasal inhalation infection model (47)
using three female C57BL/6 mice (approximately 12 to 14 weeks old)
for each cage. Mice were anesthetized with ketamine (82.25 mg/kg of
body weight) and xylazine (5.5 mg/kg) by intraperitoneal injection
and then were suspended by their incisors on a thread to fully extend
their necks. Yeast cell suspensions (5.0 X 10* cells in 50 ul) were slowly
pipetted into the nares of each mouse. After 14 days of infection, the
animals were euthanized by CO, inhalation, and lungs and brains were
removed. The organs were weighed, macerated, homogenized in PBS,
and plated on Sabouraud agar for fungal growth analysis by counting

June 2014 Volume 13 Number 6

Flippase and Glucuronoxylomannan in C. neoformans

CFU. Alternatively, lung macerates were prepared for GXM determi-
nation. For this purpose, the suspensions were supplemented with
proteinase K (0.2 mg/ml, final concentration). After overnight incu-
bation at 37°C, the samples were heated for 20 min at 100°C, placed on
ice and centrifuged at 10,000 X g. The resulting supernatants were
then used for GXM determination. Due to the high background levels
usually observed in in vivo tests of GXM determination, we used dot
blot analysis for densitometric quantification of polysaccharide pro-
duction (30). Determination of the histopathological aspects of in-
fected lungs followed previously described protocols (47). At day 14
postinfection, the lungs were fixed in 10% neutral buffered formalin.
The tissue was then embedded in paraffin, cut into 5-pm-thick sec-
tions, stained with Mayer’s mucicarmine (MM) to visualize the cryp-
tococcal capsule, and then fixed on slides. Slides were examined by
light microscopy. Capsule sizes were measured in at least 50 fungal
cells from randomly chosen micrographs for each sample. The in vivo
experiments were also used for cytokine determination in lung ho-
mogenates (47) with the BD cytometric bead array (CBA) mouse in-
flammation kit (Becton Dickinson, San Jose, CA) according to the
manufacturer’s instructions. The protocols for the experiments with
mice (protocol A13—0093) were approved by the University of British
Columbia Committee on Animal Care.

Statistics. Statistical differences in paired systems were analyzed using
the Student ¢ test. Multiple comparisons were performed by analysis of
variance (ANOVA). All statistical analyses were done using GraphPad
Prism 6.0 software (GraphPad Software, Inc.). All values are reported as
means with standard deviations (SD).

RESULTS

Deletion of ATPI does not affect global flippase activity in C.
neoformans. The C. neoformans APT1 gene encodes a predicted
integral membrane type IV flippase. Although APTI deletion
causes important changes in the physiology of C. neoformans (29),
the enzymatic activity of Apt1 has not been demonstrated. We first
addressed whether the aptIA mutant had altered flippase activity
by measuring PS exposure in annexin V-stained C. neoformans
cells. The WT, mutant, and complemented strains had similar in
levels of PS exposure (Fig. 1A). In all cases, the percentage of
fluorescent cells was low (about 10% for all strains), as concluded
by microscopic determination and confirmed by flow cytometry
analysis (data not shown). The WT and mutant strains were also
similar in their ability to translocate the fluorescent PS analog
NBD-PS. Similar levels of fluorescence resulting from NBD-PS
membrane binding were observed after WT and aptIA cells were
incubated with the lipid and washed with PBS (Fig. 1B). Treat-
ment of fungal cells with PBS-BSA for removal of NBD-PS from
the outer membrane layer, as expected, caused a severe reduction
in the fluorescence levels of yeast cells, which resulted in similar
profiles of staining in both WT and apt1A cells. Quantification of
NBD-PS translocation (Fig. 1C) confirmed the flow cytometry
data. We also evaluated the remaining levels of fluorescence in the
supernatants of fungal cells incubated with NBD-PS, and similar
values were again obtained for WT and mutant cells. Altogether,
these results indicate that the deletion of APTI does not have a
detectable influence on global PS translocation activity in C. neo-
formans cells.

Lack of Apt1 affects Golgi morphology and GXM synthesis.
Aptl orthologs were characterized as components of the Golgi
apparatus in Saccharomyces cerevisiae (48). Due to the membra-
nous nature of the Golgi apparatus and to the role of flippases in
membrane architecture (16), we compared morphological aspects
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bar, 10 pm. (B) Analysis of the uptake of NBD-PS, a fluorescent analog of PS, by WT and mutant cells reveals that both strains were similarly efficient in
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for sequestration of NBD-PS molecules distributed into the external phospholipid layer of the plasma membrane resulted in cells with similar levels of
fluorescence (blue histograms). (C and D) Accordingly, the levels of PS translocation were similar in WT and apt1A cells (C), as were the residual amounts of
NBD-PS in the supernatants of cells that were washed with PBS alone or with PBS-BSA (D). P values resulting from the statistical comparison between WT and
aptIA cells were higher than 0.5 in all cases.
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complemented (aptIA::APTI) cells was stained with C6-NBD-ceramide (green fluorescence), and the cell wall was stained with Uvitex 2B (blue fluorescence).
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differential interferential contrast (DIC) and fluorescence modes. Scale bar, 5 pm.
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apt1A mutant (Fig. 2B). The vast majority of the mutant popula-
tion (85%) had C6-NBD-ceramide-stained structures that were
concentrated in the central area of the cell, whereas only about
15% of the cells had the peripheral pattern of Golgi staining. The
peripheral Golgi distribution was significantly more abundant in
WT cells than in the mutant (P = 0.0372), while the central pat-
tern of staining of this organelle prevailed in aptIA cells (P =
0.0294).

The morphological pattern of Golgi staining in WT cells sug-
gested that the usually high vacuolization of C. neoformans cells
could affect the morphology of this organelle. We therefore quan-
tified the number of vacuole-like structures exceeding 1 wm in
diameter in WT and mutant cells. The 1-pm cutoff was chosen
based on the fluorescence microscopy analysis of the cellular seg-
ments usually associated with the Golgi apparatus, which were
always greater than this value in diameter. The aptIA mutant had
an approximately 10% reduction in the number of large vacuoles,
in comparison to WT cells (Fig. 2C) (P = 0.0489). Considering
that the number of WT cells manifesting the Golgi peripheral
distribution was at least 2-fold higher than that of the aptIA mu-
tant, we assumed that the Golgi morphology was not affected by
cytoplasmic vacuoles. As a control, C. neoformans cells were
stained with DAPI to evaluate whether vacuolization would affect
the morphology of the nucleus. This analysis indicated similar
nuclear morphologies in WT, mutant, and complemented cells
(Fig. 2D). Altogether, these results indicate that the differences in
the cellular distribution of the Golgi apparatus in C. neoformans
cells lacking APT1 are not influenced by the morphology of intra-
cellular vacuoles.

Structural organization is essential for the biological activity
of the Golgi apparatus (50). Considering this observation and
the fact that GXM synthesis was reported to occur at the Golgi
apparatus for further vesicular export (51), we evaluated a
number of properties of the polysaccharide in WT and mutant
cells.

A previous report demonstrated that capsular dimensions
were not affected by deletion of APT1 in C. neoformans (29). The
capsular size is unquestionably important for cryptococcal
pathogenicity (28), but other biological and physical chemical
properties of capsular components have also been linked to the
mechanisms by which C. neoformans interacts with the host (52).
Therefore, we evaluated the relevance of APT1I to general proper-
ties of extracellular polysaccharides and capsular components of
C. neoformans. By a combination of scanning electron micros-
copy, India ink counterstaining, and fluorescence microscopy
with MAb 18B7, we observed that morphological aspects, serolog-
ical properties, and dimensions of capsular components were sim-
ilar in WT, mutant, and complemented cells (Fig. 3A).

Compositional analyses of surface-associated and secreted
GXM by GC-MS confirmed the notion that a lack of APT1 did not
affect GXM structure. Chromatograms of the monosaccharide
components of GXM after methanolysis of the polysaccharide re-
vealed very similar profiles in fractions obtained from both WT
and aptIA cells (Fig. 3B). Cellular fractions had the typical peaks
of xylose (Xyl), mannose (Man), and glucuronic acid (GIcA) iso-
mers, as well as the well-reported contamination of cellular ex-
tracts with glucose (Glc) (53). The typical GXM components were
also similarly detected in extracellular fractions obtained from
cultures of both WT and mutant cells. Analysis of each polysac-
charide peak by MS fragmentation revealed the presence of the
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typical fragments of monosaccharide units, including m/z 204,
133, and 73 (Man, Glc, and Xyl) and m/z 217, 204, 133, and 73
(GlcA) (data not shown). Polysaccharides produced by both
strains were analyzed by DLS, which revealed that GXM fractions
obtained from either cell extracts or culture supernatants were
distributed into similar ranges of effective diameter in both WT
and mutant cells (Fig. 3C).

Extracellular and cell-associated GXM fractions were also
tested for their reactivity with MAb 18B7, and no differences were
observed between WT and mutant cells (Fig. 3D). Similar results
were observed when MAD 18B7 was replaced with the anti-GXM
IgMs 12A1, 2D10, and 13F1 (data not shown), validating the use
of MAbs as quantitative tools for polysaccharide detection in fur-
ther experiments. Altogether, these results indicated that capsule
formation and the essential structural aspects of GXM were not
affected by a lack of Aptl.

Cell-associated and extracellular polysaccharides were also
quantified in WT and mutant cells. The GXM concentration in
culture fluids of mutant cells lacking Apt1 was significantly lower
than that found in WT cells supernatants (P = 0.0005) (Fig. 4A).
These results suggested a defective export of GXM in the mutant.
However, the possibility that the lack of Aptl caused a general
defect in GXM synthesis could not be ruled out. To address this
hypothesis, we prepared GXM extracts from both WT and mutant
cells for carbohydrate quantification. The total amount of GXM
was again diminished in cells lacking Apt1 (P = 0.0028) (Fig. 4B).
This observation was apparently specifically linked to GXM syn-
thesis, since the total carbohydrate concentrations in WT and mu-
tant cells were similar (P > 0.05) (Fig. 4C).

The apt1 A mutant manifests defects in the vesicular export
of GXM. The connections between flippases, polysaccharide
synthesis, and membrane architecture led us to evaluate the
vesicular export of GXM in both WT and apt1A mutant cells.
First, EVs were isolated from culture supernatants, and the
distribution of their effective diameters was analyzed. Vesicles
of variable dimensions were similarly observed in both WT and
aptIA cells (Fig. 5A), which was consistent with the probable
coisolation of fungal EVs of different origins in fungi, as exten-
sively proposed in the literature (reviewed in reference 15). The
size distribution of vesicles produced by WT cells included a
narrow range of 10 to 150 nm and a wider span that included
vesicular particles ranging from 400 to 1000 nm. Vesicles pro-
duced by mutant cells were distributed into two well-defined
ranges of diameter. One of the distribution regions (10 to 150
nm) was similar to that found in WT vesicles. The larger pop-
ulation, however, was restricted to a range of 400 to 600 nm.
GXM determination in vesicular fractions from both WT and
aptIA cells revealed a significantly lower content of this poly-
saccharide in EVs produced by the mutant (P < 0.0001, Fig.
5B). The dimensions of polysaccharide fibers obtained from
both strains, however, were similar (Fig. 5C). These results
suggest that lack of Aptl results in modified extracellular vesi-
cle fractions, which contain smaller amounts of GXM.

Aptl is required for GXM secretion during interaction with
the host. GXM secretion is essential for the progression of cryp-
tococcosis (reviewed in reference 28), and Aptl-related poly-
saccharide secretion might therefore represent an important
aspect of pathogenesis. Our results suggest that Aptl was in-
volved in polysaccharide export during regular growth, which
led us to evaluate whether similar findings would be observed
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FIG 3 Morphological, structural, and serological analyses of capsular components in WT and Aapt1 cells of C. neoformans. (A) Morphological aspects of the
capsule in WT, apt]A mutant, and complemented cells were visualized by scanning electron microscopy (SEM), India ink counterstaining, and fluorescence
microscopy (green fluorescence, GXM; blue fluorescence, cell wall chitin). (B) GXM was isolated from C. neoformans WT (a) or mutant (b) cells or culture
supernatants (c, WT cells; d, apt1A mutant) and analyzed by GC-MS. The chromatographic separation of monosaccharide components revealed no differences
between fractions from WT and mutant cells. (C) Determination of molecular dimensions of cellular (a) or extracellular (b) polysaccharide fractions obtained
from WT and aptIA cells reveals polysaccharide distributions in similar size ranges. (D) Serological tests with MAb 18B7 reveal that cellular (left) and
extracellular (right) GXM fractions from WT and aptIA cells are similarly recognized by the antibody.

during interaction with host cells. We therefore quantified the tion of the polysaccharide when the aptIA strain was used to infect
production of GXM by WT and aptIA mutant cells during the phagocytes (P = 0.0087) (Fig. 6A). This difference was more
macrophage infection in vitro and lung colonization in vivo. accentuated when the production of GXM during lung infection
Quantification of GXM in extracts of macrophages infected was analyzed. For quantitative normalization in systems in-
with C. neoformans revealed a significantly decreased concentra-  fected with WT or mutant cells, we first determined fungal CFU
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FIG 4 Lack of Aptl results in attenuated GXM synthesis. (A) Quantification of supernatant GXM in cultures of WT and aptIA cells reveals a significantly
decreased concentration of the polysaccharide in cultures of the mutant in comparison with the parental strain. (B) Similar results were obtained when cellular
extracts were analyzed. (C) The defect in polysaccharide synthesis manifested by the mutant is apparently specific for GXM, since the total carbohydrate contents
in both cells are similar. ns, not statistically significant (P > 0.05).
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produced by WT and aptIA cells.

counts in mouse lungs. Determination of viable fungal cells in
pulmonary tissue showed an approximate 1,000-fold reduction
in CFU counts of mutant cells in comparison to the parental
strain (Fig. 7B). The GXM concentration was then normalized
to the number of CFU in lung macerates. The polysaccharide
was abundantly detected in tissue samples from animals in-
fected with the WT strain, but we were unable to detect GXM in
lung preparations after infection with AaptI cells (Fig. 6B). We
also attempted to determine GXM production in the brains of
infected animals. However, we did not observe any viable C.
neoformans cells in the brains of animals that were infected with
the aptIA mutant (data not shown). The impossibility of quanti-
tative normalization of GXM production to the number of living
cells, therefore, led us to focus our analysis on infected lungs.
GXM has been reported to modulate many parameters of
the host defense in favor of C. neoformans (28). The lack of GXM
detection in macerates of lungs infected with the apt1A mutant led
us to evaluate different pathogenic aspects of pulmonary crypto-
coccosis in animals that were infected with WT or aptIA cells. The
histopathological analysis revealed key differences in the profile of
pulmonary cellularity (Fig. 7A). In animals infected with WT cells,
encapsulated cryptococci were abundantly observed. Large cellu-
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lar infiltrates were only occasionally found and apparently were
unable to contain fungal proliferation. A comparative analysis of
these histopathological findings with those observed in lung sec-
tions infected with the aptI A mutant revealed fewer C. neoformans
cells when the mutant was used to infect mice, as demonstrated by
determination of CFU in lung macerates (Fig. 7B) (P = 0.0001).
The cells of the mutant also appeared to be hypocapsular and
efficiently contained within lung granulomas. Microscopic deter-
mination of capsule dimensions in histological sections confirmed
that capsule formation was defective in the apt1A mutant in com-
parison with WT cells (Fig. 7C) (P < 0.0001).

The differences in the cellular response in the lung and in
capsule formation during infection by WT or aptIA cells were
suggestive of alterations in orchestrators of the immune re-
sponse. To evaluate this hypothesis, we quantified the variation
of five different lung cytokines (interleukin-6 [IL-6], IL-10,
IL-12, gamma interferon [IFN-v], and tumor necrosis factor
alpha [TNF-a]) and one chemokine (monocyte chemoattrac-
tant protein 1 [MCP-1]) produced in response to infection
with the different strains of C. neoformans used in this study (Fig.
8). Both WT and aptIA cells were capable of inducing lung IL-6,
but the parental strain was significantly more effective than the
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FIG 6 Aptl is required for GXM secretion during infection of host cells. (A) Quantification of GXM in macrophage cultures by ELISA after infection with C.
neoformans reveals a significantly decreased concentration of the polysaccharide when the phagocytes interact with aptIA mutant cells in comparison with the
parental strain. (B) Soluble GXM is abundantly detected by dot blotting in lung macerates when mice are infected with WT C. neoformans cells. In systems where

animals are infected with the apt1A mutant, GXM was not detected (nd).
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FIG 7 Aptl affects lung colonization, capsule formation, and host response during murine infection by C. neoformans. (A and B) The histopathology of mouse
lungs after infection with WT or aptIA mutant cells (A) suggests a lower fungal burden when the Apt1-lacking cells are used for in vivo experimentation, which
was confirmed by CFU determination (B). (C) Microscopic determination of capsule size (C) confirmed the supposition, based on visual analysis of higher-
magnification fields, of reduced capsule formation in the mutant. Scale bars correspond to 200 wm (large panels) and 50 wm (insets). Data are representative of

two experiments with similar results.

mutant (P = 0.0409) in this process. The levels of TNF-a, MCP-1,
and IFN-vy tended to be augmented in lungs infected with WT
cells. On the other hand, IL-10 and IL-12 showed a trend of in-
crease in response to infection with the apt1A strain. However, the

alteration in IL-6 concentration was the only statistically signifi-
cant difference observed when WT and aptIA cells were com-
pared. Therefore, we conclude that IL-6 was the only cytokine
notably affected by lack of Aptl, among those investigated.
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FIG 8 Cytokine (IL-6, IL-10 IL-12, IFN-vy, and TNF-a) and chemokine (MCP-1) determination in the lungs of mice infected with WT or aptIA mutant cells
versus mice receiving PBS as controls. Statistical comparisons between the values obtained from the lungs of mice infected with WT or aptIA mutant cells
revealed that only IL-6 was differentially induced in the two systems. ns, not significant (P > 0.05).
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DISCUSSION

Flippases are important regulators of secretion in a number of
eukaryotes (16-18). In C. neoformans, mutants lacking the gene
coding for Aptl were recently characterized and demonstrated to
be hypovirulent (29). The mutant showed an altered actin distri-
bution and increased susceptibility to stress conditions and traf-
ficking inhibitors (29). Notably, the lack of Aptl resulted in a
reduced export of acid phosphatase activity, confirming a link
between secretion and flippase function in C. neoformans. Aptl
mutants, however, had apparently normal capsules upon gross
morphological analysis (29). These findings agreed with those of
Yoneda and Doering (51), who demonstrated that the C. neofor-
mans savlA mutant, which encodes a homolog of the Sec4/Rab8
subfamily GTPases, had altered GXM trafficking and diminished
phosphatase activity but normal capsular dimensions. In the same
study, GXM synthesis was demonstrated to occur at the Golgi
apparatus, which had been characterized as one of the cellular
locations of Aptl-like flippases in S. cerevisiae (48). The results
described in our current study reveal that the lack of Apt1 results
in altered Golgi morphology and reduced GXM synthesis. There-
fore, based on these findings and on the above-mentioned reports,
we speculate that Aptl could function in the Golgi apparatus by
exerting a primary role in controlling membrane asymmetry and
an additional role in regulating the synthesis and/or export of
cryptococcal molecules. Flippases have been reported to regulate
Golgi morphology and polysaccharide synthesis in plants (54),
which supports this hypothesis.

In this study, we observed that Aptl was not required for the
global flippase activity of C. neoformans, thus raising the possibility
that this protein is not an active flippase. Other possibilities, how-
ever, cannot be ruled out. For instance, an analysis of the C. neo-
formans genome (H99 strain) (http://www.broadinstitute.org
/annotation/genome/cryptococcus_neoformans/MultiHome
.html, November 2013) indicated the existence of at least four
candidate phospholipid-translocating ATPases. Considering that
the current methods for determination of flippase activity would
not discriminate between the activities of these potentially differ-
ent enzymes, it is possible that C. neoformans could compensate
for APT1I deletion by upregulating the expression of other flippase
genes, as suggested for other eukaryotic enzymes (55). It is also
possible that the contribution of Aptlp to the overall flippase ac-
tivity of C. neoformans is relatively low and below the sensitivity of
the methods used in this study. In fact, determining the activity of
flippases in fungal cells might be experimentally challenging, con-
sidering that the plasma membrane is the principal cellular site
where flippases are active. In this context, tests using intact cells
require externally added compounds, including lipids to be trans-
located and detection probes, to traverse the cell wall. Therefore,
there may be challenges with kinetics and the availability of sub-
strates, in comparison to the case for mammalian cells, where a
cell wall is not present. This scenario suggests that assays of flip-
pase activity in fungal cells might be particularly challenging and
give underestimated results. Future studies to evaluate the func-
tions of the other genes encoding potential flippases in C. neofor-
mans may shed light on the relative contribution of Aptlp. The
phenotypic traits of the apt1A mutant, however, were clear, and a
direct relationship between fungal pathogenesis and APT1 expres-
sion was established in the current study and in a previous report
characterizing apt1A mutants (29).
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The reduced production of extracellular GXM in vivo was as-
sociated with changes in the host cytokine response. We observed
a significant reduction in tissue levels of IL-6 in animals infected
with the apt] A mutant, in comparison to the concentration of this
cytokine in the lungs of animals infected with the parental strain.
Previous reports demonstrated that GXM induced the production
of IL-6 by human monocytes in a dose-dependent manner (56).
Accordingly, IL-6 secretion by human neutrophils during inter-
action with C. neoformans was higher when encapsulated isolates
were tested than with acapsular cells (57). On the basis of these
observations, it seems plausible to assume that lower concentra-
tions of GXM produced by the aptIA mutant resulted in reduced
production of IL-6.

The efficacy of capsule formation is generally associated with
the ability of C. neoformans to export polysaccharides (28). How-
ever, a number of secretory mutants of C. neoformans showed
normal capsular dimensions but reduced concentrations of extra-
cellular GXM (35, 51, 58, 59). This information might suggest that
the efficiency of C. neoformans in synthesizing and exporting
GXM may exceed the minimum quantitative requirements for full
capsule formation. The characterization of C. neoformans mutants
with normal capsules and reduced extracellular GXM also sup-
ports the existence of separate machineries for the synthesis and
export of exopolysaccharides and capsular polysaccharides, as in-
ferred from the observation that soluble and capsule-associated
GXMs differ in biological functions and physical chemical prop-
erties (53). Interestingly, in our study, capsule formation was not
significantly affected in vitro, but histopathological findings sug-
gested a reduced capsule in pulmonary tissues. Models of capsule
enlargement proposed so far include the export of GXM to the
extracellular space for further incorporation into the growing cap-
sule (60). It is reasonable to assume, therefore, that capsule en-
largement is directly influenced by the fluidity of the extracellular
environment, as suggested in previous studies (38). We therefore
speculate that the impaired ability of the apfIA mutant to secrete
GXM results in a reduced capsule in vivo due to the likely dimin-
ished fluidity in the tissue environment. This change might impact
the ability of soluble molecules to dynamically interact with sur-
face-associated GXM to promote capsule enlargement.

Flippases have been linked to extracellular vesicle formation
(23, 24), which is in agreement with their proposed role in con-
trolling lipid asymmetry, regulating membrane curvature, and
consequently influencing the budding of vesicles (16-18). The
mechanism of formation of fungal EVs is still unknown, but ex-
perimental evidence supports the requirement of membrane re-
shaping (6), Golgi functionality and morphology (30, 35), and
endosome maturation with consequent exosome formation (10).
Flippase activity has been in fact associated with each of these
processes in eukaryotic cells (16—-18), supporting a role for Apts in
vesicle biogenesis. In our study, the loss of Aptl resulted in EVs
with a reduced GXM concentration. This observation could be a
consequence of a general attenuation of GXM synthesis observed
in the apt]A mutant. In this context, we cannot rule out the pos-
sibility that the expression of genes required for GXM synthesis is
altered in the apt1A mutant. Nevertheless, analyses of the correla-
tion between expression of APT1 and capsule-related genes would
probably be highly intricate, given the number of genes involved
in GXM synthesis and the potential for complex regulation (61).
Reduced GXM secretion could also result from an altered cargo of
secretory vesicles, which is agreement with the roles of flippases in
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the traffic of membranous compartments (18). However, the fact
that the properties of EVs produced by the mutant were different
from those of EVs produced by WT cells suggests additional func-
tional attributes. Vesicles with diameters higher than 600 nm were
absent in the aptIA mutant. This observation might implicate
fungal flippases in the biogenesis of specific types of EVs. One
example may be microvesicles, which are eukaryotic EVs in the
diameter range of 1,000 nm (62). Our results are also consistent
with the general conclusion that the currently used methods for
isolation of fungal vesicles do not discriminate between membra-
nous compartments of different cellular natures. Optimization of
methods of fractionation of fungal EVs in the C. neoformans
model has been proven to be complex and difficult due to the low
yields of vesicle recovery in centrifugation gradients (14, 63). Ge-
netic approaches have also been unsuccessful in turning off vesicle
production (35), pointing to the need for the development of
efficient biochemical separation methods, which are available for
mammalian exosomes. Therefore, the development of new meth-
ods allowing the establishment of a direct relationship between
flippase activity and vesicle formation in C. neoformans might be
promising.

It is generally accepted that secretory mechanisms are funda-
mental for the pathogenicity of C. neoformans (15, 26). In this
study, we demonstrated a previously unknown function of flip-
pases in physiological and pathogenic secretion-related events
used by C. neoformans. To the best of our knowledge, cryptococcal
regulators of secretion described so far include the products of the
SEC (51, 58, 64) and CAP genes (65-70), Golgi reassembly and
stacking protein (30), protein kinase A (71), vacuolar Ca*™ trans-
porters (35, 59), and the vacuolar protein Vps23 (72). Mutants
with altered expression of the genes coding for each of these secre-
tory regulators are hypovirulent or avirulent in mice. These obser-
vations and the fact that most of the virulence factors of C. neofor-
mans are extracellular (6) support the notion that secretory
regulators are important as components of the physiology of C.
neoformans and as potential drug targets. Based on our findings,
we propose the Aptl flippase as an additional regulator of secre-
tion and a potential drug target in C. neoformans.
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