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ABSTRACT

Drug resistance derived from extracellular vesicles (EVs) is an increasingly important research area but has seldom been
described regarding fungal pathogens. Here, we characterized EVs derived from a triazole-resistant but amphotericin B-
susceptible strain of Candida auris. Nano- to microgram concentrations of C. auris EVs prepared from both broth and
solid agar cultures could robustly increase the yeast's survival against both pure and clinical amphotericin B
formulations in a dose-dependent manner, resulting in up to 16-fold changes of minimum inhibitory concentration.
Meanwhile, this effect was not observed upon addition of these EVs to C. albicans, nor upon addition of C. albicans
EVs to C. auris. No change in susceptibilities was observed upon EV treatment for fluconazole, voriconazole,
micafungin, and flucytosine. Mass spectrometry indicated the presence of immunogenic-/drug resistance-implicated
proteins in C. auris EVs, including alcohol dehydrogenase 1 as well as C. albicans Mp65-like and Xog1-like proteins in
high quantities. Based on these observations, we propose a potential species-specific role for EVs in amphotericin B
resistance in C. auris. These observations may provide critical insights into treatment of multidrug-resistant C. auris.
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Introduction

Candida auris is a recently emerged pathogenic fungus
described as a serious threat to global health by the US
Centers for Disease Control and Prevention (CDC)
due to its propensity for nosocomial outbreaks and
multi-drug resistance [1]. The yeast was first discov-
ered and described in 2009 from the external ear
canal discharge of a patient in Japan [2]. Since then,
infections caused by C. auris have been reported in
six continents, with a crude mortality rate as high as
78%, depending on the geographic clades to which
the aetiological C. auris isolates belong [3]. This
novel fungal pathogen is also notorious for its persist-
ence in the environment, especially in healthcare
facilities due to its resistance to common disinfectants
[4]. In Hong Kong, C. auris was first reported in June
2019 [5]. Identification of C. auris colonization in the
city has since increased exponentially to over 200 inci-
dents across four different local hospitals, especially

during July-December, 2020 when 85% of the positive
isolations occurred; and C. auris detection continues
to be reported from even the initial outbreak ward
[5]. The isolate recovered from the index patient in
Hong Kong belonged to the South Asian clade and
was multi-drug resistant. In particular, it was resistant
to fluconazole and was non-wild-type to all other tria-
zole agents as well as the echinocandins caspofungin
and anidulafungin; while it was only susceptible to
amphotericin B and was wild-type to micafungin [5].
Recent reports have suggested that despite performing
appropriate antifungal susceptibility testing, usage of
corresponding clinical dosages can still result in treat-
ment failure [6,7]. Therefore, further research into
molecular and phenotypic mechanisms of drug resist-
ance in C. auris is required.

Extracellular vesicles (EVs) collectively describe
lipid bilayer-delimited secreted membrane vesicles
[8]. They contain an assortment of cargo that vary
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according to the nutritional, metabolic, and environ-
mental conditions of the cell. In mammalian and bac-
terial cells, EVs have been implicated in cell-cell
[8-11], immunomodulation [12],
and drug resistance [13,14]. For example, bacterial
outer membrane vesicles (OMVs) can horizontally
transfer carbapenemases and their corresponding
genes [15,16], sequester antimicrobial peptides
[17,18], and act as bacteriophage decoys [17]. Yet,
the roles of EVs in fungi have not been as well-
defined [8]. Thus far, drug resistance derived from
fungal EVs has only been described in two studies;
where EVs produced by Candida albicans and Sac-
charomyces cerevisiae were demonstrated to provide
cellular protection against the antifungal drugs fluco-
nazole and caspofungin, respectively [19, 20]. Notably,
it was shown that the cargo of S. cerevisiae EVs
included a number of cell wall modification enzymes;
and therefore may have helped compensate for the
inhibition of (1,3)-p-D-glucan synthase upon caspo-
fungin treatment [20]. Here, we show that EVs iso-
lated from an amphotericin B-sensitive strain of
C. auris can be back-added to increase the minimum
inhibitory concentration (MIC) of amphotericin B
by at least up to 16-fold in a dose-dependent manner.
These findings may help explain the frequent failure to
treat supposedly amphotericin B-susceptible C. auris
with amphotericin B and may constitute a novel
mechanism of resistance against the third class of
effective antifungal drugs: the polyenes.

communication

Materials and methods

Fungal strains. C. auris strain Caul901 was isolated
from the index patient in Hong Kong from Princess
Margaret Hospital in June 2019 [5]. The isolate was
cryopreserved at —80°C or maintained on Sabouraud
dextrose agar (SDA; Difco, BD Diagnostics Systems,
USA) supplemented with chloramphenicol (50 pg/
mL; Calbiochem, USA) at 37°C. The reference strain
C. albicans ATCC 90028 was obtained from the Amer-
ican Type Culture Collection (ATCC), USA. The qual-
ity control strain for susceptibility testing
C. parapsilosis ATCC 22019" was obtained from the
ATCG; strains C. albicans CNM-CL F8555 and Pichia
kudriavzevii (synonym: C. krusei) CNM-CL-3403
were obtained from Statens Serum Institut (SSI), Den-
mark; and strain P. kudriavzevii NRRL Y-413 (=
ATCC 6258) was obtained from the Agricultural
Research Service (ARS) Culture Collection (NRRL),
Department of Agriculture, USA.

Isolation of fungal EVs. (i) Broth culture. For both
C. auris Caul901 and C. albicans ATCC 90028, a
single colony (>1 mm in diameter) on SDA was col-
lected and transferred to 10 mL of Sabouraud dextrose
broth (SDB, Sigma-Aldrich, USA) for growth at 37°C
in a shaking incubator at 250 rpm. After 24 h of
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incubation, 1 mL of the liquid culture was transferred
to 1.25 L of fresh SDB in a 2 L conical flask for further
growth at 37°C in a shaking incubator at 250 rpm.
After a further 48 h of incubation, the liquid cultures
were centrifuged at 15,000 xg for 15 min at 4°C, and
the supernatant collected was vacuum filtered through
0.45 um-polyethersulphone (PES) membranes (Nal-
gene, USA). Every 1.25 L of filtered supernatant was
concentrated via centrifugation at 3000 xg for
10 min at 4°C through a 100 kDa cellulose membrane
concentrator (Merck, Germany) to a final volume of
25 mL. The concentrate was then collected for sub-
sequent ultracentrifugation. (ii) Agar plate culture.
For both C. auris Caul901 and C. albicans ATCC
90028, fungal material was collected using a 10 pL
inoculation loop and resuspended in 30 mL of phos-
phate-buffered saline (PBS; Oxoid, UK). After cen-
trifugation at 3000 xg for 5 min, the supernatant
was collected and vacuum filtered through 0.45 um-
PES membrane. The filtrate was then collected for
subsequent ultracentrifugation. (iii) EV isolation
and purification. For both supernatant concentrate
collected from broth cultures and filtrate collected
from agar plate cultures, ultracentrifugation was per-
formed at 100,000 xg for 1.5 h at 4°C using the Optima
XE (Beckman Coulter, USA) ultracentrifuge equipped
with a SW32-Ti rotor (Beckman Coulter). Next, the
pellets were resuspended in PBS and then subjected
to particle separation via layered iodixanol (OptiPrep,
Stemcell Technologies, Canada) density gradient
ultracentrifugation at 100,000 xg for 16 h at 4°C.
The separated layers of different densities were then
collected sequentially, and each fraction was washed
with PBS by ultracentrifugation at 100,000 xg for 1.5
h at 4°C twice. The density of each fraction was calcu-
lated from the measurement using a refractometer.

Isolation of human reticulocyte EVs. Human red
blood cell EVs were isolated according to Usman
and colleagues’ protocol [21].

EV quantification and measurements. Nanoparticle
tracking analysis (NTA) was performed for each iodix-
anol fraction obtained using the ZetaView PMX-220
TWIN Laser system (Particle Metrix, Germany) for
size and particle number quantification. Briefly, for
each iodixanol fraction 1pL of the solution was
diluted in 10 mL of PBS prior to NTA for size and con-
centration and 1 mL of each diluted sample was used
for the analysis. Each experiment was recorded at 11
random positions capturing 100-1000 particles (the
“green” range) with 75 arbitrary units of sensitivity
and a shutter speed of 0.01 s. All other parameters
were kept at the manufacturer’s default settings. The
protein content of each iodixanol fraction was also
measured using the Pierce BCA Protein Assay Kit
(Thermo Scientific, USA) according to the manufac-
turer’s protocol. Briefly, 10 pL of each undiluted iodix-
anol fraction was added to an alkaline reagent mix
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composed of reagent A and reagent B and then incu-
bated for 30 min at 37°C. The resulting colour change
was measured using the VICTOR Multilabel Plate
Reader (Perkin Elmer, USA) and quantified against a
standard bovine serum albumin (Thermo Scientific)
protein curve. Measurements were performed in
duplicate and averaged.

Transmission electron microscopy (TEM). Each
iodixanol fraction was examined under TEM for par-
ticle visualization. Briefly, 1 puL of each iodixanol frac-
tion was diluted in 5 pL of autoclaved Milli-Q water.
Samples were negatively stained with 2.5% uranyl
acetate and analysed using the transmission electron
microscope Phillips CM100 (Philips Electron Optics,
the Netherlands) equipped with the Tengra charge-
coupled device (CCD) camera (Olympus Soft Imaging
Solutions, Germany). At least three grid positions
were interrogated per sample, and two independent
experiments were performed.

Protein profile analysis. For each iodixanol fraction,
20 pL of the solution was subjected to sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) under a reducing condition at 120 V using
12% Mini-PROTEAN TGX precast gels (Bio-Rad,
USA) for 30 min. The separated proteins were then
stained using the Pierce Silver Stain for Mass Spec-
trometry (Thermo Scientific) kit according to the
manufacturer’s instructions. The 25-35 kDa band
from Fraction F6 (1.087 g/L iodixanol) from the gel
was excised, purified, and trypsin-digested at the
Centre for PanorOmic Sciences (CPOS) Proteomics
and Metabolomics Core at the Li Ka Shing Faculty
of Medicine of The University of Hong Kong
(HKU). The peptides were identified via liquid chrom-
atography-mass spectrometry (LC-MS) using the
timsTOF Pro mass spectrometer (Bruker Daltonics,
Germany) and results were analysed using MaxQuant
v1.16.17 (Max-Planck-Institute of Biochemistry,
Germany). The resulting protein profile was subject
to Gene Ontology (GO) analysis using the Candida
Genome Database Gene Ontology Slim Mapper [22].

Antifungal susceptibility testing. Susceptibility test-
ing experiments were conducted following the Euro-
pean Committee on Antimicrobial Susceptibility
Testing (EUCAST) guidelines for yeast using the
broth microdilution method [23]. Briefly, 100 uL of
2x RPMI 1640 medium (Gibco, USA) supplemented
with 2% glucose (VWR Chemicals, United Kingdom),
buffered with 3-(N-morpholino)propanesulphonic
acid (MOPS; Merck KGaA, Germany), and adjusted
to pH 7.0 using NaOH (Sigma Aldrich) with various
drug dilutions (all drugs were obtained from Target-
Mol [USA] except that pure amphotericin B powder
was obtained from Cayman Chemical [USA], liposo-
mal amphotericin B [AmBisome] from Gilead
Sciences [USA] and amphotericin B deoxycholate
from Bristol-Myers Squibb [USA]) was added to

each well of a flat-bottom tissue-treated 96 well plate
(Eppendorf, Germany). Next, EVs (0, 1 or 5pg in
10 uL of PBS) were added to each well, followed by
inoculation with 100 pL of C. auris Caul901 or
C. albicans ATCC 90028 adjusted to 0.5 McFarland
standard (1-5x10° cells/mL). 10 uL of PBS was
added to each positive control well to ensure that
the observed effects were not due to the dilution of
growth media. Measurements of growth were read
using the VICTOR Multilabel Plate Reader at 405
nm 24 h post-inoculation. The MIC was defined as
50% inhibition of growth for the triazoles (fluconazole
and voriconazole), echinocandins (anidulafungin and
micafungin), and flucytosine, while the MIC for
amphotericin B was defined as 90% inhibition of
growth. Apart from the addition of EVs into suscepti-
bility testing, yeast cell lysates were also used to serve
as controls. Briefly, a loopful of cells were resuspended
in 500 uL of PBS supplemented with the cOmplete,
Mini, EDTA-free Protease Inhibitor Cocktail (Roche
Diagnostics, Switzerland) containing 100 uL of 425-
600 pm unwashed glass beads (Sigma-Aldrich). The
cells were then mechanically disrupted using the Tis-
sueLyser II (Qiagen, Germany) for 1 min at 30 Hz.
The lysed cell suspensions were then centrifuged at
3000 xg for 10 min at 4°C; and the supernatant was
collected and their protein content was quantified
using the Pierce BCA Protein Assay Kit.

Results

Morphology and characterization of C. auris EVs.
C. auris EVs could be isolated from both broth and
solid agar cultures and were similarly sized, though
mainly localized in separate fractions upon density
ultracentrifugation (Figure 1). TEM, NTA, and BCA
all confirmed that broth culture EVs were found in
F4-F7, while agar culture EVs were found in F3-F8
(Figure 1). The median sizes for broth culture- and
agar culture-derived EVs were 215 and 207 nm,
respectively, according to NTA (Figure 1(a)) and
were in accordance with the sizes of various fungal
EVs reported thus far [8, 24-26]. The purity of the
preparation was confirmed through negative staining
TEM using uranyl acetate, which showed a lack of
protein aggregates and contaminating material
(Figure 1(c)). Here, the classically described concave-
cupped EVs [27] were successfully isolated from
broth and agar cultures of C. auris.

An SDS-PAGE for the iodixanol-separated frac-
tions was performed to separate C. auris EV proteins
by mass. The protein amounts as measured by BCA
correlated with the intensity of the bands on the sil-
ver-stained gel (Figure 2(a)). Additionally, a distinct
band was found around ~25-35 kDa in the fractions
with the highest concentration of EVs in both broth
(F5) and agar culture (F6) preparations. This band
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Figure 1. Differences and similarities of extracellular vesicles (EVs) derived from Candida auris using two culture methods. F3-F8
fractions correspond to densities of 1.044, 1.061, 1.065, 1.087, 1.101, and 1.127 + 0.01 g/L, respectively. (a) Nanoparticle tracking
analysis (NTA) of all separated iodixanol fractions from broth and agar cultures, n = 3. (b) Transmission electron microscopy (TEM)
of separated iodixanol fractions from broth and agar cultures. Three grid positions were interrogated per sample, n = 3. Scale bars
=200 nm. (c) Representative TEM micrographs of the fractions containing the highest concentration of EVs. (d) Pooled comparison
of the relative amount of EVs found in each fraction measured through NTA and bicinchoninic acid protein measurement assay, n

=3.

from F6 of agar culture preparation was excised and
subjected to LC-MS analysis. The resulting protein
profile returned 49 proteins with at least one unique
peptide detected (Supplementary Data File 1). To
infer whether patterns of biological significance exist,
the list underwent GO analysis for cellular location,
biological processes, and molecular function (Figure
S1). The GO analysis was generally nondescript and
indicated most proteins were of cytoplasmic and mito-
chondrial origins (25/49 and 13/49, respectively).

These proteins were usually associated with enzymatic
function and not structural (Figure S1). Because GO
analysis did not reveal obvious clues to C. auris EV
function, a manual approach to investigating the
protein list was taken. The list was first narrowed to
appropriate sizes (25-50 kDa) and five proteins with
high protein intensities (iBAQ > 5,000, Figure 2(b))
were identified. These included alcohol dehydrogen-
ase 1, elongation factor la, phosphoglycerate kinase,
and two uncharacterized proteins (A0OA2HO0ZTX6



1904 W. CHAN ET AL.

a) Broth Agar
Ladder Cell Ladder  Cell

(kDa) _Lysate (kDa) Lysate F1__F2 _F3 __F4 __F5 F6

AOAZHOZTX6
g AOA2HOZTX6 *

:
'
'
.
'
: /
' 8-
'
'
!
Alcéhol depydroge:nase 1
H
'

0 Alcohol dehydrogenase 1

i
Phosbhoglycerat.e kinase (EC 2.7.2.3)
; ;

6 6- .
é ) ! § Phosphoglycerate kinase (EC 2.7.2.3)
s H i s
o 1 N dl
o 5 5 o
3 1 1 3
3 N 1 3
g i ! g
o N N o
> i i =
4- . : 4-
I I
| !
I !
Phosphopyruvate h.ygratase (EC4.2.1.11) Phosphopyruvate h.ydratase (EC 4.2.1.11)
H i
I |
]
5 AOA%HOZ‘.NGO Branched-chain-amino-acid aminotransferase (EC 2.6.1.42) 2 Branched-chain-amino-acid aminotransferase (EC 2.6.1.42)
Elongatidn factor 1\alphia AODA2HOZWGO Elongation factor 1-alpha
1 Endo-1,3(4)-beta-glucanase (EC 3.2.1.6)
ce e smesmane o e coee o wm o o . ¢  ec mmeminms @o o o
g : AOA2HOZNL5
10 20 30 40 50 60 70 80 90 100 110 120 130 140 1e+02 1e+03 1e+04 1e+05
Molecular Weight (kDa) iBAQ
c) AOA2HOZTX6 AOA2HOZTX6_CANARLY BRRENNKGENEBEENKLVO) 72
(" Iy
P29717 EXGl_CANAL 36 BxREGGHNARDEDRNVIR 94
AOA2HOZTX6 AOA2HOZTX6_ CANARI3 132
P29717 EXG1_CANAL 95 154
AOA2HOZTX6 AOA2HOZTX6_CANARL33 192
E+B-ENERK - - [NEDISCREGSONCEONSGERN 0 N H [ H EE
P29717 EXG1_CANAL 155  EKELGHARKNNTRWIDEHGARGSONGEDNSGERD s Y NEQN DN TOVEENVENTEEKEYE 214
AOA2HOZTX6 AOA2HOZTX6_CANARL93 ESDE=BilisEE SAD|NQ-N|YYW-NM|SVE‘YNN-4|TD- 251
B+ Bl +B0R B+ BB
P29717 EXGl_CANAL 215 BNEY DYV 1 GIE! LNMDKEROEF L OGNS LR 273
AOA2HOZTX6 AOA2HOZTX6_CANAR252 31
P29717 EXGl_CANAL 274 333
AOA2HOZTX6 AOA2HOZTX6 CANAR312 371
# + [+
P29717 EXGl_CANAL 334 EETDCA < ENGY N RCAR Y EEA¥DNAB Y 1E860BML DI SOfiSPERR TDTRR¥ IEAONDAL £ 393
AOA2HOZTX6 AOA2HOZTX6_CANAR372 TASERIENNER CEOEv DM sER 1K 1 EVEBOEL RO VBNOE 413
R <1 0 E-EEDE- DED-ENOR
P29717 EXGl_CANAL 394 YTCERVENSHETENEPERS FoTHT YNELEBOBY T PROFBNOE 435

Figure 2. Proteomic analysis of abundant small proteins in Candida auris extracellular vesicles reveals immunogenic and drug-
related cargo. (a) Representative silver-stained SDS-PAGE of broth and agar-derived density gradient-separated fractions, n=
2. (b) Detailed analysis of protein list obtained using tandem liquid chromatography mass spectrometry of excised 25-35 kDa
band. Proteins were first separated by molecular weight (25-50 kDa, left), then plotted against protein intensity (right). The
top 5 proteins in iBAQ are highlighted red. (c) Aligned protein sequences of C. auris AOA2HOZTX6 (above) and C. albicans
Xog1 (below, P29717; alternative name: EXG1). Green boxes indicate conserved glycosylation sites and/or active sites, red
boxes indicate insertions or deletions for C. auris AOA2HOZTX6 when compared with C. albicans Xog1.

and A0A2HOZNI5). AO0A2HO0ZTX6 and  major antigen mannoprotein Mp65, respectively.
A0A2HOZNI5 shared 61.4% and 60.9% amino acid Amongst the five proteins identified, AOA2H0ZTX6
similarity to C. albicans glycosidase Xogl and a  had both the highest protein intensity and number



of unique peptides found. All described active sites
and substrate binding domains in C. albicans Xogl
were found to be conserved in C. auris Xogl (Figure
2(c)).

Effect of C. auris EV treatment on antifungal suscep-
tibility. Drug susceptibility testing was performed for
C. auris Caul901 and C. albicans ATCC 90028 against
a panel of antifungal drugs to establish baseline sus-
ceptibility prior to EV addition. Similar to most iso-
lates in C. auris clade I [28], C. auris Caul90l
exhibited significant levels of resistance towards the
triazole class of antifungals (MIC >128 pg/mL for
fluconazole and MIC >16 ug/mL for voriconazole;
Figures S2a-b). On the other hand, MICs for ampho-
tericin B, flucytosine, and micafungin were 1, 0.25, and
<0.03 pg/mL, respectively (Figure 3(a) and Figures
S2¢-d,).

Given the antifungal resistance profile of C. auris
Caul901, we asked whether EVs derived from this
multidrug-resistant organism could be a mechanism
of drug resistance. Because a close correlation between
the relative protein quantity and EV concentration
was found (Figure 1(d)), protein quantity was used
as a surrogate for EV concentration. C. auris EVs
derived from agar and broth cultures were added to
microdilution in vitro cultures of C. auris using
human reticulocyte EVs as a control for fluconazole
and voriconazole first. No difference in MIC was
observed for the triazoles after the back-addition of
EVs (Figure S2a-b). As flucytosine and micafungin
are used in clinical practice against C. auris infection,
an increased concentration of agar-derived EVs was
added to observe if any effect was present. Still, no
difference from the control was observed (Figure
S2¢c-d).

On the other hand, the MICs for the pure pharma-
ceutical formulation and both of the clinical formu-
lations of amphotericin B were increased upon EV
addition in C. auris in a dose dependent manner
(Figure 3). As little as 0.1 pg of EV's was able to quad-
ruple the MIC and allowed for C. auris survival at
2 pg/mL of pure amphotericin B. Meanwhile, the
addition of >1 pg of EVs allowed for robust survival
of C. auris at 16 uyg/mL of pure amphotericin B,
suggesting a >16-fold increase in MIC (Figure 3(a)).
To expand the significance of our findings, we per-
formed the same experiments on two clinical formu-
lations of amphotericin B. Similar potency was
observed when adding C. auris EVs to plates contain-
ing amphotericin B deoxycholate, a formulation with
increased solubility in water (Figure 3(b)). Most sur-
prisingly, this resistance effect persisted when
C. auris supplemented with EVs was treated against
amphotericin B encapsulated in hydrogenated soy
phosphatidylcholine bilayer liposomes (liposomal
amphotericin B, Figure 3(c)), though no difference
in MICs was observed between the control and the
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lowest concentration treatment group (addition of
0.1 ug EVs). Although official breakpoints have not
yet been established for C. auris, an MIC >2 ug/mL
alters the classification of C. auris Caul901 from
“wild-type” to “non-wild-type” against amphotericin
B based on the tentative EUCAST epidemiological
cut-off value (ECOFF) for C. auris [29] or from sensi-
tive to resistant against this drug according to the ten-
tative breakpoint published by the CDC [30]. On the
other hand, when an equivalent protein amount of
EVs derived from a commonly studied, amphotericin
B-susceptible strain of C. albicans was added to wells
containing C. auris and amphotericin B, a drastically
reduced increase in MICs was observed (Figure S3).
Moreover, the addition of 3 pg of C. auris EVs to
C. albicans also did not increase its MICs in any of
the formulations of amphotericin B (Figure 3).

Discussion

EVs were isolated and purified from both broth and
agar cultures of the newly emerged fungal pathogen
C. auris in this study. Given the relative novelty of
the agar culture method compared to broth culture,
we first assessed whether differences exist in the
EVs produced by both methods. In addition to pro-
ducing comparatively greater yield, decreased labour
and material cost, as well as reduced biosafety risk
[26], EV collection from colonies grown on a solid
matrix may constitute a better physiological model
for C. auris as a skin colonizer/pathogen. C. auris
EVs were found to be slightly larger than previously
reported EVs from other Candida species (100-
200 nm) [24] (Figure 1(a)), though differences in
preparation, strains, and measuring methods
(dynamic light scattering vs NTA) may contribute
to this phenomenon. Furthermore, NTA has been
found to favour larger sized particles in a heteroge-
nous population [31]. Thus, C. auris EVs fall within
expected deviation for typical fungal EVs.

Proteins in C. auris EVs may provide insight on
drug resistance-related EV function and possible ave-
nues for immunotherapy. Five proteins were found in
abundant quantities in C. auris EVs (Figure 2(b)).
Three of them (alcohol dehydrogenase 1,
A0A2HO0ZTX6, and AOA2HOZNI5) are suspected to
be immunogenic [32, 33]. The two uncharacterized
proteins were also identified to be homologues of
C. albicans B—1,3-exoglucanase Xogl and p-1,3-
endoglucanase mannoprotein Mp65, respectively,
which are major components of the C. albicans secre-
tome. Xogl is a hyphal-specific virulence factor which
has been implicated in transporting glucan across
membranes for biofilm formation, and thus may
play some role in biofilm-derived drug resistance
[33]. In a brief analysis, all of the glycosylation sites
and substrate binding domains were found to be
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Figure 3. The addition of Candida auris extracellular vesicles to in vitro C. auris cultures increases their resistance to amphotericin
B in a dose-dependent manner, but not C. albicans. Left: Representative European Committee on Antimicrobial Susceptibility Test-
ing (EUCAST) antifungal susceptibility testing (AFST) broth microdilution plate incubated with treatment groups, n = 3. Right:
mean relative absorbance of AFST plates inoculated with C. auris Cau1901 measured at 450 nm after 24 h, n = 3. (a) Pure ampho-
tericin B. (b) Water soluble amphotericin B deoxycholate. (c) Liposomal amphotericin B.

conserved among the two proteins. Importantly,
C. albicans Xogl is also the target for host antimicro-
bial peptide cathelicidin LL-37 which plays a key role
in the antimicrobial barrier function in skin and epi-
thelial surfaces [32]. Therefore, the presence of a
Xogl-like protein in C. auris EVs may indicate a
role for innate immune evasion through the release
of EVs and may contribute to the success of C. auris
as a skin colonizer. Despite abundant secretion in a
soluble protein form and presence in biofilm EVs,
however, Xogl is absent in C. albicans yeast EVs and
biofilm cell lysate [25]. In addition, certain deletions
and an insertion were detected in C. auris
AOA2HOZTX6 when compared with C. albicans’
Xogl. These differentiations may account for the
species-specific ~ differences we observed when

performing our susceptibility testing. Meanwhile, the
presence of a homologue of an immunodominant
mannoprotein Mp65 may also indicate the potential
for C. auris EVs in immunotherapy. In C. albicans,
both the mannosylated Mp65 and recombinant
Mp65 without a mannan moiety induce a robust
Thl cytokine pattern in antigen-presenting cells and
led to T cell activation [34]. This, combined with
observations that mannoproteins and mannans pri-
marily drive the host innate immune response to
C. auris, suggested that C. auris EVs could be further
investigated for their immunogenicity and vaccine
potential.

C. auris EVs modulate amphotericin B suscepti-
bilities in a species-specific manner. In this study, it
was demonstrated that EVs from C. auris were able



to decrease C. auris sensitivities towards amphoteri-
cin B, but not C. albicans (Figure 3). Conversely,
C. albicans EVs were unable to affect C. auris
MICs to amphotericin B (Figure S3). We hypothesize
that this phenomenon may individually or synergisti-
cally work in three possible ways. First, C. auris EVs
may modulate susceptibility to amphotericin B by
drug sequestration or competitive binding. Ampho-
tericin B demonstrates high binding affinity to the
cell wall sterol ergosterol. As fungal EV membranes
are largely composed of ergosterol [8, 35], it stands
to reason that C. auris EVs may competitively bind
amphotericin B molecules and reduce bioavailability
of the drug, leading to greater fungal survival. How-
ever, the same effect of increased amphotericin B
resistance was not observed for the addition of
C. albicans EVs to C. auris (Figure S3), which was
puzzling since membranes of C. albicans EVs are
also largely composed of ergosterol [35]. Such an
observation suggests that an alternative or sup-
plementary model to this bioavailability theory is
needed to explain how C. auris EVs modulate
amphotericin B resistance. The second possible way
in which C. auris EVs modulate amphotericin B
resistance may be their role as a supplementary
source of ergosterol to the cell. As suggested by Zar-
nowski et al., a similar composition of membrane
proteins, lipids, and polysaccharides between the
source cell and EVs combined with knowledge that
EVs can bind cell walls and be internalized in
C. albicans suggest that C. auris EVs can act as sup-
plementary membrane material through membrane
fusion [19]. The addition of a supplementary source
of ergosterol from C. auris EVs may aid to stabilize
the membrane by maintaining fluidity and help the
fungus survive in the presence of amphotericin
B. Indeed, this may also explain why C. auris EVs
increased MIC to amphotericin B in C. auris cultures
only but not C. albicans as the inter-species incorpor-
ation of a different membrane composition is less
likely to occur. The presence of structural synthesis
enzymes in C. auris EVs may represent the third
possible way for how C. auris EVs modulate resist-
ance to amphotericin B. The enrichment of compen-
satory cell wall remodelling enzymes in EVs from the
distantly related model yeast S. cerevisiae such as glu-
can synthase subunit Fksl and chitin synthase Chs3
suggests that a similar mechanism may exist for
C. auris EVs. Indeed, one of the most highly
expressed proteins in our EV samples was a Xogl
homologue (Figure 2(b)), which in C. albicans
helps maintain cell wall integrity through p-glucan
modifications [33]. Notably, thicker cell walls due
to increased P-glucan composition in C. tropicalis
have been associated with amphotericin B resistance
[36], so structural enzymes present in EVs may act to
repair or prevent membrane damage. Further work
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such as quantitative proteomic analysis on whole
EV samples will help elucidate this answer.

Our research suggests that the discrepancies
observed between in vitro antifungal susceptibility
testing dosages and clinical dosages in C. auris infec-
tions can be partly attributed to the release of EVs.
By extension, novel drugs targeting EV trafficking
such as turbinmicin [37] may find synergistic
efficacy when combined with existing antifungal
drugs. Further research will be required to explore
the potential clinical impact of our findings and
whether other antimicrobial threats utilize similar
mechanisms to evade drugs.
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