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Abstract 

Candida auris is an emerging, multi drug resistant fungal pathogen that has caused infectious outbreaks 

in over 45 countries since its first isolation over a decade ago, leading to in-hospital crude mortality rates 

as high as 72%. The fungus is also acclimated to disinfection procedures and persists for weeks in nosoco- 

mial ecosystems. Alarmingly, the outbreaks of C. auris infections in Coronavirus Disease-2019 (COVID-19) 

patients have also been reported. The pathogenicity, drug resistance and global spread of C. auris have led 

to an urgent exploration of novel, candidate antifungal agents for C. auris therapeutics. This narrative review 

codifies the emerging data on the following new/emerging antifungal compounds and strategies: antimicro- 

bial peptides, combinational therapy, immunotherapy, metals and nano particles, natural compounds, and 

repurposed drugs. Encouragingly, a vast majority of these exhibit excellent anti- C. auris properties, with 

promising drugs now in the pipeline in various stages of development. Nevertheless, further research on 

the modes of action, toxicity, and the dosage of the new formulations are warranted. Studies are needed 

with representation from all five C. auris clades, so as to produce data of grater relevance, and broader 

significance and validity. 

Lay Summary 

Elimination of Candida auris that causes deadly infections to susceptible individuals is extremely challenging 

due to the lack of effective treatment options. Promising, new antifungal agents and strategies are being 

developed and further refinement will facilitate their clinical use in the near future. 

Key words: Candida auris , antimicrobial resistance, novel therapeutics, biofilms, antifungals. 
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mulative global economic burden will increase up to $100.2 tril- 
lion by 2050, if immediate action is not taken to counter the 
crisis ( https://amr-review.org/).2 The AMR research and surveil- 
lance to date has been largely focused on antibacterial, antiviral, 
and antimalarial resistance. Nevertheless, it is well known that 
fungal infections too are a significant contributor to AMR.1 The 
recent surges in systemic fungal infections, particularly in im- 
munocompromised populations, and those due to pan-resistant 
Candida auris as well as the current ‘black fungus’ disease asso- 
ciated with COVID-19 due to Mucorales species, are examples of 
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ntroduction 

ith the arrival of Coronavirus Disease -2019 (COVID-19) pan- 
emic, and the associated superinfections, such as mucormy- 
osis, there is a renewed interest in another rapidly escalating,
ilent pandemic of antimicrobial resistance (AMR). The latter 
henomenon has been declared by the World Health Organisa- 
ion,1 as one of the top ten global public health threats facing 
umanity today. It has been estimated that there will be over 
0 million deaths associated with AMR infections, and its cu- 
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rg/licenses/by/4.0/ ), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work 
s properly cited. 
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ungal diseases that are resurging due to the sparsity of effective 
ntifungals.3 

Since its first isolation in 2009, from an ear discharge of a fe-
ale patient in Japan,4 C. auris infections have been reported in 
5 countries in far-Eastern Asia, the Middle East, Africa, Europe,
orth America and South America 5 highlighting its alarming 
lobal spread. Due to its rapid emergence within the past decade 
r so, the Centers for Disease Control and Prevention (CDC) Eu- 
opean Centre for Disease Prevention and Control (ECDC), and 
ublic Health England have released a clinical alert to healthcare 
acilities in 2016 to warn of the global threat of pan-resistant C.
uris . 6 –8 Outbreaks of C. auris associated with COVID-19 con- 
inue to be in the limelight, as we write. 9 –12 

The origins of C. auris have been intriguing. In-depth anal- 
ses of 18S internal transcribed spacer (ITS) and rDNA se- 
uences of the 28S D1/D2 regions and sequences of 50 dif- 
erent proteins have revealed that C. auris is a member of 
he Metschnikowiaceae family within the Candida/Clavispora 
lade.4 , 13 , 14 Based on their genetic and genomic information and 
rst isolated locations, C. auris has been clustered into four ma- 
or discrete genetic clades (Clades I-IV): the South Asian Clade,
he East Asian Clade, the South African Clade, and the South 
merican Clade.15 A fifth Clade originated from Iran, separated 
rom the other clades by over 200 000 SNPs, has been recently
eported.16 Pitfalls in disparate identification techniques, report- 
ng, and surveillance of C. auris , may have underestimated its 
revalence and genomic diversity, hence, caution must be ex- 
rcised when interpreting the current epidemiological data of 
. auris infections. 
The commonest human habitat of C . auris is the skin, how-

ver, several studies have reported their isolation from the gut,
nd the oral, and esophageal mucosae of infected individuals.15 

imilar to other major Candida pathogens, C. auris primarily 
nfects the usual spectrum of compromised individuals including 
hose with uncontrolled diabetes mellitus, chronic renal diseases,
eutropenia, and those on immunosuppressive therapy, broad- 
pectrum antimicrobials, and those with indwelling medical de- 
ices, or at extremes of age.17 Although, first isolated from an ear 
nfection, C. auris is now known to cause an array of human dis-
ases ranging from fungemias, surgical/nonsurgical wound infec- 
ions, urinary tract infections, meningitis, myocarditis, skin ab- 
cesses, to bone infections. 18 –21 

Biologically, the behavior of C. auris is similar to most 
ther Candida pathogens such as C . albicans, C . tropicalis,
. parapsilosis of the, so called, CTG clade [Species that trans- 
ate the CTG codon into serine instead of leucine 22 ] possess- 
ng shared virulence attributes such as biofilm formation, yeast 
o hyphae transition, and phenotypic switching.23 , 24 Hence,
hese characteristics are likely to modulate C. auris virulence 
ncluding antifungal tolerance, and survival in diverse habi- 
ats in the host, as well as on in inert, abiotic, environmental
urfaces. 
. auris antifungal resistance 

he major reason why C. auris has been in the spotlight, is their
otorious and dogged antifungal resistance, relative to other
andida species, and consequent persistence causing chronic in-
ections with poor prognosis, particularly in compromised hosts.
ndeed, the consensus is that C. auris associated candidemias
nd septicemias could lead to in-hospital crude mortality rates
s high as 72%.25 

A study by Lockhart et al. (2017) clearly illustrates the alarm-
ng breadth and depth of this problem.15 They noted that al-
ost one half of all C. auris isolates from various studies
ere resistant to the most widely used, azole antifungal, flu-
onazole (44.29% resistance), followed by the polyene, ampho-
ericin B (15.46%), and other antifungal drugs such as voricona-
ole (12.67%), caspofungin (3.48%) and flucytosine (1.95%).26

hankfully, it appears that the yeast is still reasonably sensitive to
chinocandin, and the DNA-analog flucytosine with only a small
inority of 5% isolates being, disconcertingly pan-resistant, thus
ar. 
C. auris employs several different molecular mechanisms to

vade the action of antifungals. In brief, the azole resistance is
ssociated with the overexpression of drug efflux pumps belong-
ng to ATP Binding Cassette (ABC) and Major Facilitator Su-
erfamily (MFS) transporters, and alterations of the ergosterol
ynthesis pathway (overexpression of ERG11, and point muta-
ions in ERG11 , i.e., Y132F or K143R). The echinocandin re-
istance in C. auris is shown to be attributable to mutations
f FKS1 , a gene that codes the enzyme responsible for the key
ungal cell wall component, β(1,3)D-glucan. Single nucleotide
olymorphisms in genes related to the ergosterol synthesis path-
ay leading to altered sterol composition and potential amino
cids substitution in the FUR1 gene (i.e., F211I) have been linked
o C. auris resistance to polyenes (e.g., amphotericin B) and
ucleoside analogs (e.g., flucytosine) respectively. 27 –36 Emerg-
ng evidence suggests novel mechanisms such as mutations in
he zinc-cluster transcription factor-encoding gene TAC1B may
lso have a role in C. auris antifungal resistance.37 Further in-
epth discussion of the resistance mechanisms of C. auris is be-
ond the remit of this review and could be found elsewhere.38 , 39

he principal mechanisms of resistance are summarized in
able 1 . 
The alarming severity of the infection, and the associated

lobal morbidity and mortality rates, coupled with the emer-
ence of the resistance to multiple antifungal classes, have all
ed to an urgent exploration of novel, and promising candi-
ate antifungal agents for C. auris therapeutics. The main ob-
ective of this narrative review, therefore, is to codify the emerg-
ng data on the new and emerging antifungal classes for C. au-
is. For ease of review, we discuss these in alphabetical order in
he following sections. The main findings are also summarized 
n Table 2 .



Bandara and Samaranayake 3 

Table 1. Antifungal resistance mechanisms of C. auris . 

Antifungal class Mode of action Resistance mechanisms References 

Azole Inhibit lanosterol 14 α-demethylase (Erg11p) in 
during the synthesis of ergosterol leading to 
formation of defective cell membrane and 
accumulation of toxic sterol metabolites 

Point mutations in the lanosterol 14 α-demethylase 
( ERG11 ) gene; substitutions of Y132F , K143R , 
and F126L 

Upregulation of the ERG11 expression 
Increased copy number of ERG11 

Overexpression of CDR genes members of the 
ATP-binding cassette (ABC) family and MDR1 
member of the major facilitator superfamily 
(MFS) transporters 

Increased copy numbers of transcription factor that 
regulate expression of ABC and MFS family 
transporters 

14 , 29 , 244 

Echinocandins Inhibits 1,3-beta-glucan synthase leading to 
defective cell wall formation 

Mutations in the FKS1 gene encoding 
1,3-beta-glucan synthase 

FKS1 gene substitutions S639F, S639P, S639Y, 
S652Y 

29 , 35 , 36 

Polyene Binds to the membrane ergosterol and forms 
multimeric pores in the plasma membrane 

Single nucleotide polymorphisms (SNPs) in different 
genomic loci 

32 

Nucleoside analogs Competitive inhibition of purine and pyrimidine 
uptake 

Incorporation into fungal RNA to inhibit DNA and 
RNA synthesis 

Amino acid substitution F211I in the FUR1 gene 36 
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ntimicrobial combination therapy 

s opposed to prokaryotic bacteria, human beings and yeasts 
ossess structurally similar nuclear material and cell membranes 
nd are classified as eukaryotes. Hence antifungal drugs, in gen- 
ral, adversely affect the host cells, due to the molecular mimicry 
f the drug targets of the fungi and the host cells.39 There is,
herefore, a dearth of antifungals in comparison to a plethora 
f antibacterial drugs currently available to manage infectious 
iseases due to prokaryotes. 
It is now well known that C. auris displays a remarkable 

esistance to most of the current antifungal drug classes. Al- 
hough there are some variations among different clades, C. au- 
is is generally resistant to azole agents, but remain susceptible to 
chinocandins. Hence, recommendations for safe antifungal ther- 
py dictates, reverting back to azoles from echinocandins when- 
ver possible, so as to prevent the development of pan resistant 
rganisms.40 This is due to the higher margin of safety, and the 
ower adverse effects of the azole class drugs such as fluconazole.

One such well-established strategy to synergise the activity of 
ntimicrobial drugs is combination therapy, a technique effec- 
ive against difficult to treat infections such as tuberculosis.41 A 

imilar approach has been evaluated in order to improve the ef- 
cacy of commonly used, first line, antifungal agents against C.
uris . In the following section, we review these approaches, their 
dvantages, and disadvantages as well as their potential utility 
gainst C. auris infections . 
ntifungal combinations 

arly in vitro studies on combined antifungal therapy were
ocused on azole/echinocandin combinations against C. auris.
hus, Fakhim et al. (2017) reported promising synergy between
icafungin and voriconazole against ten different (Indian) iso-

ates of fluconazole resistant C. auris (3 isolates were micafungin
esistant).42 However, no synergy or additive effect was noted
etween caspofungin versus fluconazole, or voriconazole, or mi-
afungin vs. fluconazole.42 Similarly, micafungin and voricona-
ole failed to exhibit significant synergism with the nucleoside
nalogs 5-fluorocytosine. In another study the combination of
ther antifungal classes such as polyenes (amphotericin B) and
ucleoside analogs (5-fluorocytosine) was not synergistic against
4/15 different isolates of C. auris (10 Indian, 2 South Korean,
 Japanese).43 

A study of 15 C. auris isolates from a New York outbreak has
hown that such variable outcomes against antifungal combina-
ions are due to clade and isolate specificity.44 For instance, am-
hotericin B and 5-fluorocytosine (1 μg/ml) combination elicited
00% inhibition of 9 out of 15 amphotericin B resistant C. auris
solate (minimum inhibitory concentration; MIC ≥ 2 μg/ml vs.
.25 μg/ml). Also, identical doses of 5-fluorocytosine overcame
chinocandin resistance of six C. auris isolates in combination
ith either anidulafungin (4 μg/ml vs. 0.0078 μg/ml), caspo-
ungin (2 μg/ml vs. 0.0078 μg/ml) or micafungin (4 μg/ml vs.
.0078 μg/ml). Interestingly, 5-fluorocytosine complement also
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Table 2. Summary of anti- C. auris agents, their proposed actions, and efficacies. 

Therapeutic group Anti- C. auris agent Mode of action Efficacy 
Number of 

isolates tested Reference 

Antimicrobial 
combination 
therapy 

Antifungal combinations: 
echinocandins with 
azoles 

(Ongoing clinical trial 
against non- Candida 
fungal infection) 

Azoles inhibit 14 α-demethylase 
during ergosterol synthesis to 
compromise cell membrane 
integrity and lead to 
accumulation of toxic sterol 
intermediates. 

Echinocandins: inhibit glucan 
synthesis by supressing 
beta-1,3-D-glucan synthase 
leading to a compromised cell 
wall and subsequent cell lysis 

Synergy between micafungin and 
voriconazole fractional 
inhibitory concentration index 
(FICI) < 0.5. 

MIC of micafungin single vs. 
combined (0.125-8 μg/ml 
0.016–2 μg/ml); MIC of 
voriconazole single vs. 
combined (0.5–8 μg/ml 
0.125–1 μg/ml) 

10 42 

Co-delivery of anidulafungin with 
voriconazole demonstrated 
synergy against 5 Candida auris 
strains and partial synergy 
against 22 strains. Co-delivery 
of anidulafungin with 
isavuconazole demonstrated 
synergy against 11 Candida 
auris strains and partial synergy 
against 19 strains 

36 46 

Antifungal combinations: 
5-fluorocytosine with 
azoles 

5-fluorocytosine inhibits RNA and 
DNA synthesis by incorporating 
5-fluorouracil into fungal RNA. 

Improved MIC when 
5-fluorocytosine 1 μg/ml 
combined with voriconazole 
( > 2 μg/ml vs. 0.015 μg/ml) 

13 44 

In the presence of 0.91 μM 

flucytosine, the IC 50 value for 
voriconazole decreased from 7.2 
to 2.9 μM. 

In the presence of 0.55 μM 

flucytosine, IC 50 value of 
posaconazole decreased from 

0.45 to 0.15 μM. 

1 45 

Antifungal combinations: 
5-fluorocytosine with 
echinocandins 

Improved MIC when 
5-fluorocytosine 1 μg/ml 
combined with anidulafungin 
(4 μg/ml vs. 0.0078 μg/ml) 
caspofungin (2 μg/ml vs. 
0.0078 μg/ml) or micafungin 
(4 μg/ml vs. 0.0078 μg/ml) 

6 44 

Antifungal combinations: 
5-fluorocytosine with 
polyenes 

Polyenes: bind to ergosterol in cell 
membrane leading to pore 
formation and leakage of 
cellular cations and anions, and 
fungal cell death 

Improved MIC when 
5-fluorocytosine 1 μg/ml 
combined with amphotericin B 
( ≥2 μg/ml vs. 0.25 μg/ml) 

9 44 
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Table 2. Continued. 

Therapeutic group Anti- C. auris agent Mode of action Efficacy 
Number of 

isolates tested Reference 

Antifungal and antibiotic 
combinations: azoles 
with sulfonamides 

Sulfamethoxazole inhibits 
bacterial folate synthesis leading 
to the inhibition of bacterial 
purines and DNA synthesis. The 
mechanism behind its synergy 
with azoles is not known. 

Co-delivery of fluconazole with 
sulfamethoxazole demonstrated 
synergy against 1 Candida auris 
strain (fluconazole MIC 

16 μg/ml vs. 4 μg/ml, 
sulfamethoxazole MIC 

512 μg/ml vs. 16 μg/ml) 
Co-delivery of voriconazole with 
sulfamethoxazole demonstrated 
synergy against 3 Candida auris 
strain (voriconazole MIC 

1–8 μg/ml vs. 0.06–2 μg/ml, 
sulfamethoxazole MIC 

512 μg/ml vs. 16–128 μg/ml 
Co-delivery of itraconazole with 
sulfamethoxazole demonstrated 
synergy against 3 Candida auris 
strain (itraconazole MIC 

1–2 μg/ml vs. 0.25–0.31 μg/ml, 
sulfamethoxazole MIC 

512 μg/ml vs. 16-32 μg/ml) 

3 47 

Antifungal and antibiotic 
combinations: azoles 
with colistin 

Colistin affects the bacterial 
cytoplasmic membrane, 
changing its permeability and 
disrupting the cell membrane. 
The mechanism behind its 
synergy with azoles is not 
known. 

Co-delivery of isavuconazole and 
colistin exhibited synergy 
against Candida auris 
(isavuconazole MIC 

0.004–0.5 μg/ml vs. 
0.001–0.25 μg/ml, colistin MIC 

128 μg/ml vs. 8–32 μg/ml) 

15 50 

Antifungal and 
non-antimicrobial drug 
combinations: azoles 
with pitavastatin 

Pitavastatin competitively inhibit 
HMG-CoA 

(3-hydroxy-3-methylglutaryl 
coenzyme A) reductase, that 
catalyses the conversion of 
HMG-CoA to mevalonate, to 
inhibit cholesterol biosynthesis. 
The mechanism behind its 
synergy with azoles is not 
known. 

Co-delivery of fluconazole and 
pitavastatin exhibited synergy 
against Candida auris 
(fluconazole MIC 256 μg/ml vs. 
4–16 μg/ml, colistin MIC 

64–128 μg/ml vs. 8–32 μg/ml 

5 51 

Antifungal and 
non-antimicrobial drug 
combinations: azoles 
with ospemifene 

Ospemifene is a selective estrogen 
receptor modulator that 
selectively binds to estrogen 
receptors to stimulate/inhibit the 
activity of estrogen in humans. 

Increased activity of itraconazole 
is likely to be associated with 
the increased affinity of 
ospemifene to multidrug efflux 
pumps 

Co-delivery of itraconazole and 
ospemifene exhibited synergy 
against Candida auris 
(itraconazole MIC 0.5-1 μg/ml 
vs. 0.125–0.25 μg/ml, 
ospemifene MIC 256 μg/ml vs. 
4 μg/ml 

5 53 
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Table 2. Continued. 

Therapeutic group Anti- C. auris agent Mode of action Efficacy 
Number of 

isolates tested Reference 

Antifungal and 
non-antimicrobial drug 
combinations: azoles 
with aprepitant 

Aprepitant is an antiemetic that 
antagonise substance 
P/neurokinin 1 (NK1) receptors 
in humans. 

Azoles with aprepitant 
combination may affect C. auris 
membrane transport processes, 
ions homeostasis and 
subsequent ROS detoxifying 
mechanisms and ergosterol 
biosynthesis, and fungal glucose 
transport. 

Co-delivery of aprepitant with 
fluconazole (n = 4), 
itraconazole (n = 8) or 
voriconazole (n = 2) exhibited 
synergy against Candida auris 
(fluconazole MIC 1–256 μg/ml 
vs. 0.5–8 μg/ml, itraconazole 
MIC 0.125–1 μg/ml vs. 
0.0312–0.125 μg/ml, 
voriconazole MIC 

0.0078–4 μg/ml vs. 0.062 μg/ml 
aprepitant MIC > 128 μg/ml vs. 
0.5–8 μg/ml) 

10 52 

Antifungal and 
non-antimicrobial drug 
combinations: azoles 
with lopinavir 

Lopinavir inhibits the activity of 
HIV-1 protease enzyme that is 
critical for the HIV viral 
lifecycle. 

Azoles with lopinavir combination 
may affect C. auris membrane 
transport processes, ions 
homeostasis and subsequent 
ROS detoxifying mechanisms 
and ergosterol biosynthesis, and 
fungal glucose transport. 

Co-delivery of lopinavir with 
fluconazole (n = 3), 
itraconazole (n = 10) or 
voriconazole (n = 6) exhibited 
synergy against Candida auris 
(fluconazole MIC 1–256 μg/ml 
vs. 0.25–32 μg/ml, itraconazole 
MIC 0.125–1 μg/ml vs. 
0.00098–0.0078 μg/ml, 
voriconazole MIC 

0.0078–4 μg/ml vs. 
0.0156–0.5 μg/ml lopinavir 
MIC > 128 μg/ml vs. 
1–8 μg/ml) 

10 54 

Antifungal and 
non-antimicrobial 
compounds 
combinations: 
5-fluorocytosine with 
myriocin 

Myriocin is a serine 
palmitoyltransferase inhibitor 
that impede sphingolipid 
biosynthesis in eukaryotic cells. 
The mechanism behind its 
synergy with 5-fluorocytosine is 
not known. 

In the presence of 0.55–0.91 μM 

flucytosine, the IC 50 value for 
Myriocin decreased from 

0.63–2.2 μM to 0.18–0.62 μM. 

3 45 

Antifungal and 
non-antimicrobial 
compounds 
combinations: antifungal 
drugs with Neosartorya 
fischeri antifungal 
protein 2; NFAP2 

NFAP2 is a small, cysteine-rich, 
cationic antifungal protein that 
is likely to kill Candida spp. via 
membrane disruption. The 
mechanism behind its synergy 
with approved antifungals is not 
known. 

Co-delivery of NFAP2 
significantly lowered the MBICs 
of fluconazole (32- to 128-fold), 
amphotericin B (4- to 64-fold), 
anidulafungin (16- to 128-fold), 
caspofungin (4- to 128-fold), 
and micafungin (64- to 
128-fold). 

5 56 

Antifungal and antiseptic 
combinations: Azoles 
and domiphen bromide 

Domiphen bromide is a cationic 
surfactant which possibly 
increases the efficacy of azoles 
by increasing the permeability of 
the vacuolar membrane, thereby 
releasing sequestered azoles. 

Co-delivery of to 150 μM of 
miconazole and 37.5 μM 

domiphen bromide decreased 
Candida auris biofilm viability 
by ∼3 Log 10 CFUs 

1 57 

Antimicrobial 
peptides 

PepBiotics Interfere with metabolic activity, 
fungal growth, and/or viability 

Complete suppression activity 
at < 1 μM 

1 72 

lipopeptide-AF 4 Structural homologue of 
bacillomycin D which induce 
ion-conducting pores in the lipid 
component of the fungal cell 
membranes and subsequent cell 
death. 

Planktonic MIC: 3.48 μg/ml 
Biofilm MIC: 2-4 folds of 
planktonic MIC 

10 73 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

m
y/article/60/4/m

yac008/6526320 by guest on 22 M
arch 2022



Bandara and Samaranayake 7 

Table 2. Continued. 

Therapeutic group Anti- C. auris agent Mode of action Efficacy 
Number of 

isolates tested Reference 

Cm-p5 Not known. MIC 11 μg/ml (free form) 
MIC < 10 μg/ml in hydrogel 
form 

1 77 

Crotamine Not known. Functional similarities 
with human β defensins 

MIC 50 ∼ 40–160 μM 5 80 

θ defensins Induce oxidative stress and 
accumulation of ROS within the 
fungus. 

MICs 3.125–6.25 μg/ml 2 96 

Histatin 5 Likely to act on multiple 
intracellular targets leading to 
nonoxidative events such as 
intracellular ions leakage, ion 
imbalance, and volume loss 
accompanied by vacuolar 
disruption. 

MIC 90 7.5 μM 10 97 

Ceragenins (CSA131) Potentially via membrane 
perturbation, damage via reactive 
oxygen species (ROS) and 
attenuation of mitochondrial 
functions leading to apoptosis 

MIC 50 0.5–1 μg/ml 
MIC 90 1 μg/ml 
MBIC 50 2–4 μg/ml 
MBIC 80 4–64 μg/ml 

107 (plank- 
tonic) 

5 (biofilm) 

99 , 102 , 103 

Immunotherapy Anti-CR3-RP polyclonal 
antibody 

Not known 1;100 dilution; biofilm formation 
(36–73% inhibition) and 
established biofilms (28–46% 

inhibition) 

3 106 

Anti-Als3p antibody 
generated via vaccinating 
mice with NDV-3A 

vaccine (based on the 
N-terminus of Als3 
protein) 

Enhances macrophage-mediated 
killing, supresses biofilm 

formation 

Sera from NDV-3A-vaccinated 
mice (1:10 dilution): 40% 

increase in macrophage 
mediated Candida auris killing 
and 40% survival of mice with 
Candida auris candidemia 

5 107 

Human uterine cervical 
stem cells conditioned 
medium (hUCESC-CM) 

Not known Up to 56% of growth suppression 2 108 

Metals and 
nanoparticles 

Gallium Gallium replaces iron in iron 
containing proteins to alter the 
functionality of the protein. This 
leads to arresting the cellular 
metabolism and growth 

MICs 128–256 μg/ml 8 114 

Gold(I) −phosphine 
complexes 

Not fully understood. Gold 
complexes may inhibit 
mitochondrial functions of the 
fungus 

MIC of chiral square-planar 
gold(I) complexes MIC 

0.98–7.8 μg/ml and MBIC 90 

3.9 μg/ml for forming biofilms 
and 7.8–15.6 μg/ml against 
preformed biofilms 

2 118 

Silver nanoparticles 
(Completed clinical trial 
against non- Candida 
fungal infections) 

Exact mechanism is not known. 
They are likely to attach yeast cell 
surface, increase the cell 
wall/membrane permeability, and 
disrupt the cell membrane 
integrity, leading to cellular 
apoptosis. In addition, reduction 
of cell wall ergosterol and 
hydrolytic enzyme production in 
other Candida spp. have been 
noted 

IC 50 of 0.06 μg/ml (0.06 ppm) for 
biofilm formation, and 
0.48 μg/ml (0.48 ppm) for 
preformed biofilms 

1 123 
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Table 2. Continued. 

Therapeutic group Anti- C. auris agent Mode of action Efficacy 
Number of 

isolates tested Reference 

MIC < 0.5–1 μg/ml, MFC 1- ≤
32 μg/ml 
IC 50 of 0.5–4.9 μg/ml for 
biofilm formation, and 
1.2–6.2 μg/ml for preformed 
biofilms 

10 124 

Bismuth nanoparticles Exact mechanism is not known. 
Likely to alter cell membrane 
permeability. 

MIC 1–4 μg/ml; the IC 50 for 
biofilm formation 
5.1–113.1 μg/ml 

10 129 

Silver nanoparticles with 
curcumin 

Curcumin is shown to 
downregulate �5,6 desaturase 
( ERG3 ) leading to significantly 
lower ergosterol and 
accumulation of toxic sterol 
intermediates which leads to cell 
death. Also reduces proteinase 
secretion and alter ATPase 
activity in fungi. 

Silver nanoparticles loaded with 
curcumin: 
hydroxypropyl- β-cyclodextrin 
showed significant reduction of 
Candida auris in disc diffusion 
assay 

1 134 

Ag-Cu-Co trimetallic 
nanoparticles 

Likely to induce cellular apoptosis 
and subsequent cell necrosis. 
Also shown to arrest fungal cell 
cycle 

MIC range of 0.39–0.78 μg/ml 25 131 

10 mg/ml nanoparticles treatment 
reduced planktonic CFU by 
1.49–10.2 log10 and biofilm 

CFU by 0.98–9.68 log10 

6 138 

Miscellaneous 
drugs/compounds 

Phenylthiazole compounds Not known Planktonic MIC 2 μg/ml 
> 90% reduction in biofilm 

formation at 2 μg/ml 
and > 50% reduction in 
preformed biofilms at 8 μg/ml 

8 140 

Oxadiazolylthiazoles Not known Planktonic MIC 2–4 μg/ml 3 141 

MYC-053 Inhibits chitin synthesis by 
blocking chitin synthase, leading 
to defective fungal cell wall and 
inhibits nucleic acid synthesis in 
fungi. 

IC 50 1–4 μg/ml MIC 4 μg/ml 5 142 

VT-1598 
(Completed clinical trial 
against non- Candida 
fungal infections) 

Inhibits the production of 
ergosterol by acting on the 
fungal Cyp51 enzyme. 

MIC range 0.03–8 μg/ml (MIC 50 

0.25 μg/ml and MIC 90 1 μg/ml) 
When treated with up to 
50 mg/kg, a longer survival rates 
( > 21 days) and lower fungal 
burdens in the kidneys of 
neutropenic murine model 
infected with Candida auris 
(mean log 10 CFU/g, treated vs. 
control: 3.67 vs7.26) 

100 146 

Arylamidine T-2307 Trigger mitochondrial membrane 
collapse in fungi. 

MIC50 0.008 to 0.015 μg/ml, and 
100% inhibition at 0.25 
to > 4 μg/ml. 

Significant reductions in kidney 
CFU in mice treated at 3 mg/kg 
(mean 5.06 log 10 CFU/g) 

23 149 
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Table 2. Continued. 

Therapeutic group Anti- C. auris agent Mode of action Efficacy 
Number of 

isolates tested Reference 

Drimenol Likely to affect fungal protein 
secretion, vacuolar functions, 
chromatin remodelling and 
cyclin dependent protein kinase 
(CDK)-associated functions. 

MIC 30 μg/ml; complete inhibition 
MIC 50 μg/ml 

1 151 

Cuminaldehyde 
derivative 

Not known. MIC 50 2–15 μg/ml 1 154 

Amidinourease 
compounds 

Not fully understood; may involve 
in its uptake and intracellular 
accumulation within the fungus. 

MIC 8–64 μg/ml MBIC 

128–256 μg/ml 
18 155 

Aryl- and 
heteroaryl-substituted 
hydrazones 

Not fully understood. Likely to 
interfere with fungal 
DNA-protein interactions. 

MIC 0.015–7.8 μg/ml; significant 
suppression of biofilm formation at 
15.6–31.3 μg/ml 

10 156 

Acetohydroxyacid 
synthase inhibitors 

Blocks the acetohydroxyacid 
synthase leading to the 
inhibition of branched-chain 
amino acid biosynthesis 
pathway. 

MIC 50 of bensulfuron methyl 0.09 
μM 

MBIC 50 of bensulfuron methyl and 
chlorimuron ethyl 0.596–1.98 μM 

2 158 

Natural compounds Quorum sensing 
molecules: farnesol 

Farnesol is actively involved in 
ergosterol biosynthesis, induce 
intracellular ROS, and disrupt 
mitochondrial functions in 
several Candida species. 

The mechanism of anti- C. auris 
activity is not yet known. May 
be associated with reduced 
activity of drug efflux pumps 
and downregulation of the 
genes coding for them 

Significant reduction of growth rate 
for up to 12 h when exposed to 
50–300 μM. Co-delivery of 
farnesol with fluconazole 
(fluconazole MIC 50 > 512 μg/ml 
vs. 64 μg/ml, Farnesol MIC 50 300 
μM vs. 75 μM), itraconazole 
(itraconazole MIC 50 8–32 μg/ml vs. 
0.5 μg/ml, Farnesol MIC 50 300 μM 

vs. 4.69–9.38 μM), voriconazole 
(voriconazole MIC 50 64 μg/ml vs. 
0.5 μg/ml, Farnesol MIC 50 

150–300 μM vs. 4.69–9.38 μM), 
posaconazole (posaconazole MIC 50 

16 μg/ml vs. 0.25 μg/ml, Farnesol 
MIC 50 150 μM vs. 2.34 μM) or 
isavuconazole (isavuconazole 
MIC 50 4–8 μg/ml vs. 0.125 μg/ml, 
Farnesol MIC 50 

300 μM vs. 9.38–18.75 μM) 
exhibited synergy against Candida 
auris biofilms 

3 167 

Co-delivery of farnesol with 
anidulafungin (anidulafungin 
MIC 50 > 64 μg/ml vs. 1 μg/ml, 
Farnesol MIC 50 300 μM vs. 
75–150 μM), caspofungin 
(caspofungin MIC 50 8 → 64 μg/ml 
vs. 1 μg/ml, Farnesol MIC 50 

300 μM vs. 9.38–75 μM), or 
micafungin (micafungin 
MIC 50 > 64 μg/ml vs. 1 μg/ml, 
Farnesol MIC 50 150–300 μM vs. 
37.5–75 μM) exhibited synergy 
against Candida auris biofilms 

4 168 
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Table 2. Continued. 

Therapeutic group Anti- C. auris agent Mode of action Efficacy 
Number of 

isolates tested Reference 

MIC of farnesol 62.5–125 mM. 
Farnesol concentrations of 
125 mM inhibited Candida 
auris adhesion, 7.81 mM 

inhibited > 50% of forming 
biofilms, and 500 mM inhibited 
12 h and 24 h biofilms 

25 169 

Chitosan Not known; may be associated 
with direct interactions of 
chitosan with cell surface 
leading to cell death 

Fungicidal concentration for 
planktonic cells 5–20 μg/ml; 
biofilm MIC 50 10–80 μg/ml and 
MIC 80 40–160 μg/ml 

4 23 

Planktonic MIC 5–20 μg/ml 
biofilm MIC 50 10–80 μg/ml and 
MIC 80 40–160 μg/ml. 200 mg 
of chitosan/kg of body weight 
increased the survival rate of 
Galleria mellonella wax warm 

infected with Candida auris up 
to 84% 

8 172 

Plant products: Herbal 
monomers 

Not known; likely to be associated 
with either the cell wall 
development mechanics and/or 
the fungal stress response 

Planktonic MICs of 64 μg/ml for 
sodium houttuyfonate, and 
50 μg/ml for cinnamaldehyde, 
256 μg/ml for berberine, 
jatrorrhizine, and palmatine 

1 179 

Plant products: 
trans -cinnamaldehyde 

Likely to compromise cell 
membrane and wall integrity 

MIC and MFC 0.03% (v/v) 1 182 

Plant products: α-Cyperone Not known Growth inhibition at 150 μg/ml 1 184 

Plant products: 6-Shogaol Not fully understood; likely to act 
on drug efflux machinery of the 
fungus 

Planktonic MIC 50 16–32 μg/ml 
and MIC 80 32–64 μg/ml. > 97% 

of inhibition of forming and 
preformed biofilms at 64 μg/ml 

5 185 

Bee honey Specific mechanism is not known; 
antimicrobial activity of honey 
is associated with its osmotic 
activity, low pH, the formation 
of H 2 O 2 , and the presence of 
various phytochemicals. 

40% honey exposure for 24 h 
reduced Candida auris growth 
by 2 Log 10 

32 189 

Probiotics 
(Several completed 
clinical trials against 
non-auris Candida 
infections) 

Not known; likely to be associated 
with secondary metabolite(s) 
produced by the probiotic yeasts 
that interfere the pathogen’s life 
cycle; secreted probiotic 
short-chain fatty acids or 
bacteriocins or competitive 
inhibition of the pathogen 
during attachment. 

Significant inhibition of Candida 
auris (up to 6 log 10 CFU) when 
co-cultured with Lactobacillus 
paracasei 28.4 or exposed to 
crude extracts of the lactobacilli 
supernatant ( > 15 mg/ml) and 
its first fraction (3.75–
> 7.5 mg/ml) 

10 192 

Co-inoculation of Candida auris 
strains with Saccharomyces 
cerevisiae and Issatchenkia 
occidentali resulted a 44–62% 

reduction in C. auris adhesion 

5 193 
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Table 2. Continued. 

Therapeutic group Anti- C. auris agent Mode of action Efficacy 
Number of 

isolates tested Reference 

Novel antifungal 
compounds 

Ibrexafungerp 
(SCY-078) 
(Phase 3 clinical trial; 
ClinicalTrials.gov 
Identifier: 
NCT03363841) 

A triterpene glucan synthase 
inhibitor that inhibits the 
synthesis of β-1,3-glucan 
synthase leading to defective cell 
wall. 

MIC 0.0625–2 μg/ml (mode 
MIC 50 0.5 μg/ml and MIC 90 

1 μg/ml) 

100 196 

MIC 0.06–8 μg/ml (mode MIC 50 

0.5 μg/ml) 
200 197 

MIC 90 1 μg/ml; significant 
reduction of the viability and 
thickness of biofilms when 
exposed to 4 μg/ml of 
ibrexafungerp 

16 198 

modal MIC and MIC 50 of 
0.5 μg/ml (a range of 
0.06–2 μg/ml) 

122 200 

SCY-247 Analog of SCY-078 that inhibits 
the synthesis of β-1,3-glucan 
synthase leading to defective cell 
wall 

MIC range 0.06–1 μg/ml (MIC 50 

and MIC 90 0.5 μg/ml). MFC 

range 0.5–8 μg/ml (MFC 50 and 
MFC 90 of 4 μg/ml) 

44 204 

Fosmanogepix 
(APX001/APX001A) 

(Phase 2 clinical trial; 
ClinicalTrials.gov 
Identifier: 
NCT04148287) 

Targets a highly conserved fungal 
enzyme Gwt1 that catalyses the 
inositol acylation step of 
glycosylphosphatidylinositol 
(GPI) anchored cell wall 
mannoproteins synthesis. This 
in turn affects maturation and 
localization of fungal cell wall 
mannoproteins, leading to 
compromised cell wall integrity, 
defective filamentation and 
biofilm formation, and severe 
defects in fungal growth. 

MIC50 0.004 μg/ml and MIC90 
0.031 μg/ml 
the exposure of APX001 
significantly increased the 
16-day survival rate of Candida 
auris infected 
immunocompromised mice. 

16 208 

MIC 50 

range < 0.005–0.015 μg/ml 
(overall modal MIC 

0.005 μg/ml, MIC 50 

0.002 μg/ml and MIC 90 

0.008 μg/ml) 

100 209 

MIC 50 range 0.001–0.125 μg/ml 
(MIC 50 0.016 μg/ml and MIC 90 

0.03 μg/ml) 

122 210 

Rezafungin (CD101) 
(Currently on clinical 
trials against invasive 
candidiasis; Causative 
organism unspecified. 

Similar to echinocandins MIC range 0.03–8 μg/ml (mode 
MIC 50 0.125 μg/ml, MIC 90 

0.5 μg/ml) 

100 218 

MIC range 0.06–16 μg/ml (MIC 50 

0.25 μg/ml, MIC 90 1 μg/ml) 
122 220 

Significant reduction of Candida 
auris in kidney tissues of mice 
with disseminated Candida 
auris candidiasis when treated 
with rezafungin 20 mg/kg 
intraperitoneally at Day 0, 3 
and 6. 
intravenously administration of 
rezafungin 400 mg/once a week 
would likely to meet or exceed 
the pharmacodynamics target 
for > 90% of C. auris isolates 

4 222 , 223 
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Table 2. Continued. 

Therapeutic group Anti- C. auris agent Mode of action Efficacy 
Number of 

isolates tested Reference 

PC945 
(Currently on clinical 
trials against Candida 
lung infections; 
Causative organism 

unspecified.) 

Acts on ergosterol synthesis 
pathway by inhibiting 
lanosterol 14a-demethylase 
enzyme coded by ERG11. 

MIC 50 0.063 μg/ml and MIC 90 

0.25 μg/ml 
72 224 

Ebselen Not fully understood. It is 
considered an antioxidant that 
mimic glutathione peroxidase 
activity and catalyse the 
reduction of ROS, leading to the 
attenuation of damage caused 
by oxidants and radicals. 

Planktonic IC 50 

0.2345–1.47 μg/ml, complete 
inhibition at 2.5 μM 

Biofilm IC 50 5.864–9.781 μg/ml 

10 225 

Suloctidil Not fully understood. It may act 
as an inhibitor of thromboxane 
synthase or as a thromboxane 
receptor antagonist. 

16 μg/ml inhibited Candida auris 
growth by > 78% 

(MIC 50 4–8 μg/ml, MIC 90 

4–16 μg/ml) 

7 230 

miltefosine Not known. Miltefosine is an 
alkylphosphocholine drug 
originally developed as an 
anti-cancer drug. It may inhibit 
cytochrome-c oxidase within 
mitochondria leading to 
mitochondrial dysfunction and 
apoptosis-like cell death. 

Complete elimination of 
planktonic growth and biofilms 
formation at 4 μg/ml. a 90% 

reduction of viability of 
preformed biofilms at 16 μg/ml. 

IC 50 for Planktonic phase 
0.9237–2.472 μg/ml, biofilm 

formation 1.158–6.049 μg/ml, 
preformed biofilms 
9.144–20.98 μg/ml 

10 231 

Iodoquinol Not known Complete elimination of 
planktonic growth at 4 μg/ml 
IC 50 for Planktonic phase 
0.2972–2.006 μg/ml, biofilm 

formation 9.159–56.02 μg/ml, 
preformed biofilms 38.58- 
> 64 μg/ml 

10 231 

Niclosamide and 
halogenated 
salicylanilide 

An Anthelmintic drug. They are 
likely to interfere morphological 
transition and mitochondrial 
protein import machinery. 

Both compounds inhibited 
Candida auris biofilms at 1 μM 

1 233 

Repurposed drugs Disulfiram Disulfiram blocks the oxidation of 
alcohol by irreversibly 
inactivation aldehyde 
dehydrogenase in human cells. 
This results in an accumulation 
of acetaldehyde in the blood 
causing highly unpleasant 
symptoms. Mechanism of 
antifungal effect is not known. 

MIC 50 1 μg/ml, MIC 80 4–8 μg/ml 
MBIC 80 64–128 μg/ml 

2 234 

Sertraline (Currently on 
clinical trials against 
non- Candida infections) 

Sertraline is likely to elicit its effect 
of C. auris by binding to the 
Erg11p in the ergosterol 
biosynthesis pathway. 

MIC 20–40 μg/ml; a 71% 

inhibition of biofilm formation 
at 20 μg/ml 

3 235 
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Table 2. Continued. 

Therapeutic group Anti- C. auris agent Mode of action Efficacy 
Number of 

isolates tested Reference 

Alexidine dihydrochloride Targets PTPMT, a mitochondrial 
tyrosine phosphatase in 
mammalian cells to drive 
mitochondrial apoptosis. 
Mechanism of antifungal effect 
is not known. 

MIC 50 0.73–1.5 μg/ml, MIC 80 

1.5 μg/ml 
Biofilm formation and mature 
biofilm inhibition 
concentrations: MBIC 50 and 
MBIC 80 3–6 μg/ml 

2 238 

Mefloquine derivatives Antifungal activity is likely to be 
due to the disruption of the 
mitochondrial membrane, 
interference with mitochondrial 
DNA stability and disruption 
vacuoles. 

Planktonic MIC 2–8 μg/ml 
Planktonic MIC against 
fluconazole resistant isolates 
4–16 μg/ml 

5 242 

FICI : Fractional inhibitory concentration index, MIC : Minimum inhibitory concentration, IC 50 : 50% of maximum inhibitory concentration, ROS : Reactive oxygen species, CFU : 
Colony forming units, ATP : Adenosine triphosphate, MBIC 50 : The Minimal Biofilm Inhibition Concentration 50%, MBIC 80 : The Minimal Biofilm Inhibition Concentration 
80%, MBIC 90 : The Minimal Biofilm Inhibition Concentration 90%, UV-C : Ultraviolet light -C. 
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mproved the MIC of voriconazole by > 130-fold against 13 C.
uris isolates ( > 2 μg/ml vs. 0.015 μg/ml).44 On the contrary, and 
n line with some previous observations,43 , 44 other two- antifun- 
al drug combinations tested against these isolates did not elicit 
 significant synergistic effect. The tested drugs included polyene 
amphotericin B), echinocandins (anidulafungin, caspofungin,
icafungin), azoles (voriconazole, isavuconazole, posaconazole,
nd itraconazole) and nucleoside analog (5-flurocytosine). 
In contrast, synergy of anidulafungin with isavuconazole or 

oriconazole, flucytosine with voriconazole or posaconazole has 
een witnessed in recent research, implying the isolate specific 
iversity of antifungal synergism in C. auris .45 , 46 

ntifungal and antibiotic combinations 

ldesouky et al. (2018) reported increased sensitivity of azoles 
hen paired with sulfonamides. Particularly, 37% of voricona- 
ole resistant C. auris (3/8 isolates) and 75% of itraconazole re- 
istant isolates (3/4 isolates) become sensitive to the correspond- 
ng azole when delivered with the sulfamethoxazole, in vitro ,
lthough co-delivery of sulfamethoxazole with fluconazole re- 
ersed the resistance of only a single fluconazole resistant iso- 
ate (1/8 isolates). The 70% survival of Caenorhabditis elegans 
nfected with voriconazole resistant C. auris further confirmed 
he favorable in vivo activity of sulfamethoxazole–voriconazole 
ombination.47 

Although the exact mechanism of the synergism of the 
ntibacterial-antifungal combination is yet to be determined,
he data suggest that such inhibitory activity is likely to 
e due to the interruption of C. auris folate pathway. The 
ulfamethoxazole–voriconazole combination, for instance, was 
nly effective against azole resistance associated with, either 
verproduction of or decreased affinity for azole target (Erg11p),
ut not with the overexpression of multidrug efflux pumps,47 , 48

urther, the addition of trimethoprim, (usually co-administered
ith sulfamethoxazole) to the sulfamethoxazole and fluconazole
ombinations showed synergies (27%, 3/11 isolates),49 whilst
ther antifungal and antibiotic combinations such as isavucona-
ole and colistin have also shown promising synergy against
. auris .50 

ntifungal and non-antimicrobial drug combinations 

rguably, the most notable approach that has been experimented
o improve the efficacy of azole agents against C. auris is to
ombine them with non-antimicrobial drugs or compounds. For
xample, Eldesouky et al . (2020) reported potential synergism
f pitavastatin, an antihyperlipidemic statin, with azole antifun-
als, against C. auris . The former combined with fluconazole,
oriconazole or itraconazole was shown to lower the MIC by 4-
6 folds in five different C. auris isolates (fractional inhibitory
oncentration indices: FICI < 0.5). However, the MIC reduc-
ion was insufficient to restore the azole sensitivity of the most
. auris isolates. Additionally, when tested in vivo on a C. ele-
ans model, the pitavastatin-fluconazole drug combination low-
red fluconazole resistant C. auris burden up to 92%. Yet, in
itro , the combination was only effective in suppressing biofilm
evelopment of a single C. auris isolate by only 41% and failed
o eliminate established biofilms.51 

In a series of further follow-up studies, Eldesouky et al. (2020)
eported that the combined therapy of azole agents, itraconazole
n particular, with various other drugs potentiate the activity of
he antifungal against C. auris . Itraconazole combined with os-
emifene, a selective oestrogen receptor modulator, usually indi-
ated for dyspareunia, or with aprepitant, an antiemetic agent,
r with lopinavir, an HIV protease inhibitor, was demonstrated
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o lower MIC of itraconazole sensitive and resistant C. auris iso- 
ates by 4 to 8-folds (n = 5, FICI 0.14–0.27), 8-folds (n = 10,
ICI 0.14–0.31) and 32 to 256-fold, (n = 10, FICI 0.04–0.09) 
espectively. All three combinations were highly effective in low- 
ring itraconazole resistant C. auris fungal load in C. elegans 
odel by 96%, ∼92%, ∼88.5% respectively and extended the 
ematode survival significantly. 52 –54 Investigators claim that the 
ncreased activity of itraconazole is likely to be associated with 
he increased affinity of ospemifene to multidrug efflux pumps 53 

hereas, aprepitant/itraconazole and lopinavir/itraconazole ex- 
osure appeared to impact on C. auris membrane transport pro- 
esses, ions homeostasis and subsequent reactive oxygen species 
ROS) detoxifying mechanisms and ergosterol biosynthesis, as 
ell as fungal glucose transport.52 , 54 

Latest research on combinatorial therapies have revealed the 
bility of azoffluxin, a novel oxindole efflux pump inhibitor, to 
roduce a synergistic antifungal effect by reducing C. auris infec- 
ion in mice by lowering the fungal burden by ∼1000 – folds.55 

his is thought to be due to enhanced intracellular fluconazole 
ccumulation through inhibition of CDR1 , a major multidrug 
fflux transporter in Candida . 
There are several other reports showing the potential of 

ombinatorial antifungal/non-antimicrobial drugs/compound 
herapy. For instance, a recent report from Cheng et al. (2021) 
as revealed a synergistic anti- C. auris activity of flucytosine 
nd myriocin, a serine palmitoyltransferase inhibitor that im- 
ede sphingolipid biosynthesis in eukaryotic cells.45 However,
yriocin combination with flucytosine, another antifungal with 
nown toxic effects at higher doses, will need to be closely 
atched prior to their clinical use. This is because, a derivative 
f myriocin, fingolimod, approved for management for multiple 
clerosis, has a significant toxicity against mammalian cells. 
In contrast, combinatorial therapy of a cysteine-rich cationic 

rotein extracted from a filamentous ascomycete, Neosartorya 
scheri ( Neosartorya fischeri antifungal protein 2; NFAP2) with 
ntifungal drugs significantly lowered the minimum biofilm in- 
ibitory concentrations (MBICs) of fluconazole (32- to 128- 
old), amphotericin B (4- to 64-fold), anidulafungin (16- to 
28-fold), caspofungin (4- to 128-fold), and micafungin (64- 
o 128-fold). The protein itself elicited only a modest to weak 
nhibition on C. auris planktonic (MIC 32–512 μg/ml) and 
iofilm ( > 512 μg/ml) phenotypes.56 Therefore, it appears that 
FAP2 would be a promising adjunct antifungal, once its 
afety and efficacy, in particular for catheter lock therapies are 
nown. 

ntifungal and antiseptic combinations 

he data on antifungal and antiseptic combinatorial therapy in 
anaging C. auris is scarce. A topical antifungal miconazole in 
ombination with a well-known antiseptic quaternary ammo- 
ium compound domiphen bromide elicited significant inhibi- 
ion of C. auris biofilms.57 Co-delivery of 150 μM of miconazole
ith 37.5 μM domiphen bromide decreased C. auris biofilm vi-
bility by ∼3 Log 10 colony forming units (CFUs). The authors
uggested that the surfactant properties of domiphen bromide is
ikely to increases the efficacy of azoles by increasing the per-
eability of the yeast vacuolar membrane, thereby releasing se-
uestered azoles. The latter combination holds much promise as
 topical antifungal after relevant optimisation. 

ntifungal and miscellaneous drug combinations 

u et al. (2020) demonstrated that the antiparasitic drug milte-
osine, an alkyl-phospholipid analog for leishmaniasis, is fungi-
idal against 12 isolates of fluconazole or voriconazole resistant
. auris at clinically safe concentrations of 2 μg/ml.58 This is
n contrast to its high dosage of 17.2 to 42.4 μg/ml required
o manage leishmaniasis.59 , 60 Other researchers have also noted
omparable MICs of miltefosine against planktonic (1-4 μg/ml)
nd biofilm (0.25–4 μg/ml), modes of C. auris, although higher
oncentrations were required to inhibit preformed biofilms (16–
2 μg/ml) and reducing the fungal burden in Galleria mel-
onella .61 Nevertheless, miltefosine showed only marginal syn-
rgy with amphotericin B (FICI = 0.5) against 3/12 C. auris
solates in vitro .58 

In a similar study, Shaban et al . (2020) evaluated a monoter-
enoid phenolic compound carvacrol, against C. auris and
emonstrated its antifungal attributes, as well as suppression of
east adherence, and proteinase synthesis. Also, a combination
f carvacrol and fluconazole (16% synergy), and amphotericin
 and nystatin (28% synergy each) elicited a reasonable degree
f synergy.62 

There are several other reports where combinatorial anti-
ungal drug therapies against C. auris have been attempted but
ith rather modest outcomes. These include attempts to explore
ynergy between antifungal drugs and antitumor agents (e.g.,
eldanamycin), and nonsteroidal anti-inflammatory drugs (e.g.,
buprofen, diclofenac sodium, aspirin). 63 –65 

To conclude, the interesting outcomes of the elegant series of
tudies of Eldesouky et al., and various others, show the promise
f combinatorial azole/antibiotic/drug therapy in overcoming
. auris infections, particularly in the absence of novel, effica-
ious antifungal agents in the horizon. The current body of data
s largely preliminary, focused on a relatively few isolates and
ased mainly on in vitro assessments. Further in vivo studies,
ncorporating a broader geographical coverage of C. auris iso-
ates/clades, and the molecular basis underpinning their activity,
re essential to take this field forwards. 

ntimicrobial peptides 

ntimicrobial peptides (AMPs) are naturally existing, pos-
tively charged, amphipathic molecules secreted by all
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ukaryotes and are an integral component of the innate immune 
ystem of vertebrates.66 , 67 They have been shown to possess 
road, rather nonspecific antimicrobial properties against var- 
ous pathogens, and they primarily kill microbes by disrupting 
he microbial cellular membranes. AMPs can also target some 
mportant cellular processes such as cell wall synthesis, DNA 

nd protein synthesis, protein folding, and multiple enzymatic 
ctivities.68 , 69 

AMPs vary among different species by virtue of their 
mino acid sequence, size, and structure, making them an at- 
ractive option in for managing microbial infections.67 , 70 , 71 

p to now, AMP therapy has been largely experimented 
gainst bacterial, and not fungal, pathogens although data 
n fungal pathogens are slowly emerging, as discussed 
elow. 

epBiotics 

ecently, van Eijk et al. (2020) demonstrated strong 
nti- C. auris activity of ‘PepBiotics’, a group of cus- 
om synthesized cathelicidin-inspired AMPs. In particu- 
ar, two of these peptides, CR172 (amino acid sequence: 
RWVQRWIRRWRPKVAAARRWVQRWIRRWRPKV-NH2) 
nd CR184 (amino acid sequence: APKAMRRWVQRWI 
RWRPKVFQVTGSSA-NH2) significantly suppressed C. auris 
etabolic activity, at a concentration < 1 μM, suggesting their 
otential as an anti- C. auris agent.72 

ipopeptide -AF 4 

ome bacteria are known to produce native peptide molecules 
ith a broad antimicrobial spectrum.73 , 74 Of these, lipopep- 
ides such as bacillomycin, mojavensin, mycosubtilin, iturin A,
acillopeptin, and fengycin homologues secreted by Bacillus 
pecies, are notable as they generate ion-conducting pores in 
he lipid component of the fungal cell membranes leading to 
ell death. Despite this attractive antimicrobial property, native 
ipopeptides are deemed undesirable for clinical use due to their 
trong hemolytic activities, and the high MICs required for 
icrobial kill.74 However, Ramachandran et al. (2018) purified 
hree lipopeptides (AF 3 , AF 4 , and AF 5 ) from Bacillus subtilis 
LID 12.1 with promising antifungal properties against Can- 
ida species, including C. auris, with relatively low MICs and 
s well as hemolytic activity.73 Structurally, they are homologs 
f bacillomycin D with a shared amino acid sequence of Asn- 
ro-Tyr-Asn-Gln-Thr-Ser-Xaa, where Xaa is a β-amino fatty 
cid variant.73 The lipopeptide molecule-AF 4 , in particular, is 
oteworthy as it demonstrated a geometric MIC of 3.48 μg/ml 
gainst clinical C. auris isolates with negligible hemolysis. These 
hree molecules also showed promising inhibitory effects against 
. auris biofilms. 
m-p5 

MPs derived from primitive life forms such as sea mollusks
re now known to have antifungal activity very low toxicity.
ne such, Cm-p5, derived from a peptide isolated from the
ollusk Cenchritis muricatus efficiently kills C . auris, C . albi-
ans, C. parapsilosis, Cryptococcus neoformans, and Trichophy-
on rubrum and demonstrated only negligible toxicity against
ammalian cells.75 , 76 

In order to demonstrate the antifungal effect of Cm-p5,
ubiczek et al. (2020) developed an elegant two-layered hydro-
el containing a base layer loaded with mannose-specific lectin
 (LecB) that immobilizes C. auris cells, and a second, sand-
ich layer loaded with Cm-p5. The released of free Cm-p5 in
his model, was anti-candidal at an MIC of 11 μg/ml, while the
oaded hydrogel was effective in eradicating C. auris at sub-MIC
oncentrations of Cm-p5.77 These findings suggest the hydrogel
unctionalized with AMPs such as Cm-p5 would likely to be an
ttractive solution for decontamination of chronic wound infec-
ions due to C. auris. 

rotamine 

ew research has also shown the surprising potential of an-
imicrobial potency of various components of snake venom.
or instance, Crotamine, a native polypeptide isolated from the
enom of the South American rattlesnake Crotalus durissus ter-
ificus has been studied for its antifungal properties.78 , 79 Us-
ng five different C. auris isolates (including four amphotericin
 and a single fluconazole resistant isolates), Dal Mas et al.
2019) demonstrated approximately 50% of growth inhibition
f all of the above strains at a crotamine concentrations of
60 μM (0.8 mg/ml), with MIC ranging from 40 to 160 μM
0.2–0.8 mg/ml).80 However, the weak antifungal effect of cro-
amine was evident by its high MIC values compared with mica-
ungin (MIC of 0.06–0.12 μg/ml). The exact antimicrobial mech-
nism of Crotamine is not known, as of yet.81 , 82 

Interestingly, other research has shown structural and func-
ional similarities of crotamine to human AMP, β defensins.83

articularly, crotamine and β defensins share similar avidity to
ipids such as phosphatidylserine of the fungal plasma mem-
rane, involved in cellular transport and if interfered with may
ead to apoptotic cell death. 84 –86 However, further data on com-
atibility of crotamine with mammalian cells, their stability, and
K/PD values and adverse effects in immunocompromised indi-
iduals are essential prior to its clinical use as an anti- C. auris
gent. 

defensins 

he discovery of mammalian AMPs such as cathelicidins, sali-
ary histatins and α-, β- and θ - defensins, have prompted in-
estigators to explore their use as therapeutic agents against
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nfections including those caused by fungi. However, the lack of 
ata on their in vivo potency, safety, and stability, to date has
indered such approval. 87 –91 

Interestingly, θ -defensins, an 18-amino-acid macrocyclic pep- 
ide only expressed in Old World monkeys, appear to possess 
emarkable antifungal activities against C. albicans and Cryp- 
ococcus neoformans . 92 –95 Basso et al. (2018) reported that θ - 
efensins isoforms from rhesus macaque (RTD-1 and RTD- 
) and olive baboon (BTD-2 and BTD-8) displayed significant 
ungicidal properties against fluconazole and caspofungin re- 
istant C. auris (MICs 3.125–6.25 μg/ml). The investigators 
laimed that the θ -defensins were more stable than the salivary 
istatin-5 (Hst 5), and up to 1 000 times more effective in anti-
ungal assays. 

θ -defensins isoforms appear to induce oxidative stress and 
eath in C. auris , and yet, they are nontoxic to mice, and non-
emolytic in whole blood suggesting the possibility of their use 
s an anti- C. auris agent.96 Hence, antifungal properties of nat- 
rally occurring θ -defensins, with further optimizations, may 
rove valuable in managing multidrug resistant fungal pathogens 
uch as C. auris , in future. 

istatin 5 

lthough less stable than θ -defensins, histatin-5 (Hst 5) is a well- 
ecognized salivary cationic peptide with anti-candidal proper- 
ies. Its effect against C. auris infections has been investigated by 
athirana et al. (2018) who observed up to 90% killing of 7 out
f 10 C. auris isolates tested, on exposure to 7.5 μM of Hst 5 for
 period of 1 h. Hst 5 appeared to be rapidly translocated into
he yeast cells which led to their rapid kill, as seen with C. al-
icans .97 Nevertheless, due to the higher threshold of oxidative 
tress tolerance of C. auris, it is unlikely to respond as well as
. albicans in vivo. Similarly, the systemic stability of Hst 5 may
e diminished by blood serum components and salts, and there- 
ore it may be less likely to be effective in managing systemic
. auris infections such as in sepsis.97 However, considering its 
atural presence in saliva, the antifungal properties of Hst 5 may 
e valuable for topical management of mucosal C. auris infec- 
ions, perhaps particularly as an antiseptic against oral candidi- 
sis. 

eragenins 

espite their potent antifungal properties, a major impediment 
or the clinical use of AMPs has been the relatively high cost of
heir large-scale synthesis/preparation. To overcome this limita- 
ion, some researchers have investigated the possibility of devel- 
ping low cost, non-peptide molecules to mimic the amphiphilic 
orphology of common AMPs.98 , 99 Molecules of this class, cera- 
enins, have been shown to mimic ‘secondary’ activities of AMPs 
uring wound healing.100 
Ceragenins possess broad-spectrum antimicrobial proper-
ies and have been tested against C. auris .101 , 102 The MIC of
eragenins- CSA-131 ranged from 0.5 to 1 μg/ml against 107 dif-
erent isolates of C. auris regardless of their clade and or the an-
ifungal susceptibility. Two tested ceragenins (CSA-44 and CSA-
31) demonstrated potent antibiofilm activity against all C. auris
solates studied (n = 5; MBIC50 = 2-4 μg/ml, MBIC80 = 4-
4 μg/ml) and a significant reduction of C. auris CFUs (by ∼3-
old log 10 ) in porcine vaginal mucosal explants infected with
. auris .103 

As the favorable tolerability of ceragenins have been es-
ablished,104 further investigations into its molecular mech-
nisms of actions and in vivo pharmacokinetics and phar-
acodynamics will likely assist their application as a fu-
ure, cost-effective anti- C. auris agent, particularly against
ariants that are nonresponsive to empirical antifungal
herapy. 
Although the repertoire of the anti- C. auris properties of

MPs is yet to be fully explored, the foregoing clearly indicates
heir potential therapeutic utility. Although antimicrobial poten-
ial of AMPs has been explored for decades, their further de-
elopment for clinical use appears to be notably slow as shown
y the absence of any such, clinical trials at present. There-
ore, further in-depth studies are warranted to explore, refine,
nd establish these AMPs as effective therapeutic agents against
. auris . 

mmunotherapy 

ntibodies and various other immune molecules have been used
ver the last few decades to manage infectious diseases. Hence,
ome workers have attempted to use this approach for treating
. auris infections using antibodies and interleukins, with some
egree of success. 

nti-CR3-RP polyclonal antibody 

t is well known that Candida species express a multitude of sur-
ace proteins to survive in hostile habitats and to enrich their
iofilm lifestyle. Complement receptor 3-related protein (CR3-
P) is one such surface protein expressed by many Candida
pecies including C. auris . Manipulation of the expression of
hese surface antigens have been shown to be effective in con-
rolling C. albicans and C. dubliniensis biofilms.105 A study by
ekkerová et al. (2019) suggested that blockage CR3-RP expres-
ion through an anti-CR3-RP polyclonal antibody could disrupt
. auris biofilms development (36–73% inhibition) as well as es-
ablished biofilms (28–46% inhibition) to a level comparable to
hose of fluconazole, amphotericin B, and caspofungin.106 These
reliminary data implies that antibody therapies against C. auris
nfections may be feasible in the future. 
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ntibodies against agglutinin-like sequence-3 (Als3p) 

sing an approach similar to the above, Singh et al. (2019) 
emonstrated, in a mouse model, that antibodies against 
gglutinin-like sequence-3 (Als3 protein) surface adhesins of 
andida species, i.e., anti-Als3p antibodies, could impede C. au- 
is biofilm formation, and enhance the macrophage-mediated 
illing of the yeast.107 The anti-Als3p antibody formation in mice 
as triggered using a vaccine based on the N-terminus of Als3 
rotein. Importantly, the investigators observed that the vaccine 
as capable of inducing anti-Als3p antibodies (humoral immune 
esponse) as well as CD4 + T helper cells mediated activation of 
issue macrophages (cellular immune response) that were highly 
ffective against C. auris disseminated infections. In addition, co- 
dministering the same vaccine in tandem with antifungal mica- 
ungin synergized the elimination of C. auris induced murine can- 
idemia.107 Clearly, vaccines conferring lifelong immunity are 
he ultimate goal for protection against multidrug resistant yeasts 
ncluding C. auris , and the foregoing brings this vision a step 
loser to realization. 

nterleukins 

he armory of complex immune molecules that protect the body 
rom invading pathogens, includes an array of various cytokines.
herefore, some have evaluated the antifungal properties of such 
gents against C. auris . In a preliminary study, Schneider et al.
2018) reported that human uterine cervical stem cells condi- 
ioned medium rich in several cytokines (IL-6, IL-8, IL-17, IP- 
0, CXCL-16, CCL-5, and CCL-6) with known antifungal activ- 
ty could suppress fluconazole resistant C. auris isolated from a 
rine sample.108 Although it is not clear the specific components 
f the medium that elicited the inhibitory response, identifying 
uch cytokines, may pave the way for developing immunological 
nterventions against C. auris mucosal infections. 

etals and nanoparticles 

limination strategies of a new pathogen are primarily based 
n evaluating the effects of currently approved drugs, and re- 
urposing those that are already approved against the other 
athogens, against the newcomer. Essentially, this approach cir- 
umvents the extremely lengthy test protocols required for in- 
roducing a brand-new antimicrobial drug as a new therapeutic 
gent. Nevertheless, when all else fails, unconventional strate- 
ies of drug discovery have been increasingly experimented with 
 few recorded successes. This section addresses such approaches 
hat have been taken for managing C. auris infections. 

allium 

ertain metallic elements such as gallium have been proven to 
e valuable in managing cancers, and disorders of calcium and 
one metabolism.109 In addition, compounds such as gallium ni- 
rate (Ga(NO 3 ) 3 ) are known to be effective against various bac-
erial pathogens suggesting the possibility of their broader util-
ty as antifungals. 110 –113 Their antimicrobial activity is due to
he ability of gallium to replace iron, in iron containing proteins,
hereby altering the functionality of the latter, arresting cellular
etabolism and growth. In this context Gallium, acts through a

Trojan horse’ mechanism to alter the protein structure and the
unctionality of both bacterial and cancer cells.113 

Bastos et al. (2019 ) were the first to investigate the effect of
a(NO 3 ) 3 on C. auris , and they reported MICs ranging from
28 to 256 μg/ml for several strains of the multidrug resistant
. auris isolates. Although the MICs were considerably higher
han C. albicans (16 μg/ml), the authors suggested its potential
alue as a fungistatic agent.114 However, the toxicity of such high
allium doses has not been evaluated thus questioning their value
s a safe drug. 

istorted gold(I) −phosphine complexes 

uranofin, a traditional anti-arthritis drug containing a gold
omplex, is known to possess anticancer, antibacterial, and an-
ifungal properties. 115 –117 Dennis et al. (2020) studied six, dis-
orted gold(I) −phosphine complexes against a panel of fungi in-
luding C. auris to evaluate their antifungal properties. Among
he distorted compounds, chiral square-planar gold(I) com-
lexes demonstrated strong anti- C. auris activity (MIC 0.98–
.8 μg/ml).118 The chiral square-planar gold(I) complexes were
lso fungicidal and exhibited excellent anti-biofilm activity
MBIC 90 3.9 μg/ml for developing biofilms, and 7.8–15.6 μg/ml
gainst preformed biofilms). Unfortunately, the compounds were
ytotoxic and elicited hemolysis indicating their limited poten-
ial, if any, in managing C. auris infections. Although the exact
echanism of their action is not yet known, it is likely that gold
omplexes may inhibit mitochondrial functions of the fungus.119

ilver nanoparticles 

ecent advances in nanotechnology and the realization that
anoparticles could be used as an effective drug delivery ve-
icle have led a number of workers to evaluate the potential
f antimicrobial-laced nanoparticles in managing infectious dis-
ases.120 Elemental silver, a key element that has been in use for
any years as an antimicrobial agent due to its broad-spectrum
ntimicrobial activity has been used in this context, in the form
f silver nanoparticles (AgNPs). 
The latter is now known to possess potent activity against
. albicans biofilms.,121 , 122 Lara et al. (2019) observed a dose
ependent effect of AgNPs (average size 1–3 nm) against C.
uris and noted an IC 50 of 0.06 μg/ml (0.06 ppm) for biofilm
ormation, and 0.48 μg/ml (0.48 ppm) for preformed biofilms.
he biofilms treated with AgNP demonstrated cells with al-
ered and, distorted morphology, and damaged cell walls.123 The
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nvestigators further demonstrated the potency of AgNPs in elim- 
nating C. auris biofilm on colonized catheters, as well as on hos- 
ital fabrics. More importantly, the AgNP-interlaced fabric fibers 
e.g., elastic bandage wraps) retained the fungicidal effect even 
fter repeated washes indicating its lasting antifungal potency,
nd economy of use. The same group of workers, in a follow-up
tudy, confirmed their previous findings (MIC < 0.5–1 μg/ml,
FC 1 ≤ 32 μg/ml), as well as the potency of AgNPs in prevent-

ng C. auris biofilm formation (IC 50 0.5–4.9 μg/ml) and eliminat- 
ng preformed biofilms (IC 50 1.2–6.2 μg/ml) regardless of their 
lade. Interestingly, the biofilm phenotypes of all isolates were 
ighly susceptible for AgNPs although a single C. auris isolate 
f one clade, showed a higher MFC value.124 

It is believed that AgNPs exert their anti-candidal activ- 
ty by attaching to the yeast cell surface, increasing the cell 
all/membrane permeability, and disrupting the cell membrane 
ntegrity, leading to cellular apoptosis. In addition, others have 
oted a reduction of cell wall ergosterol content and hydrolytic 
nzyme production in C. albicans in response to AgNPs. 125 –127 

ismuth nanoparticles 

imilar to silver, elemental bismuth is also renowned for its an- 
imicrobial properties including its anti-candidal properties, par- 
icularly against C. albicans .128 Vazquez-Munoz et al. (2020) 
emonstrated nanoparticles synthesized from bismuth (BiNPs),
lso exhibit promising anti- C. auris activity against planktonic 
. auris regardless of their clades (MIC 1–4 μg/ml). However, its 
nhibitory effect on the biofilm phenotype appeared to be rather 
oderate as the IC 50 values for biofilms ranging from 5.1 to 
13.1 μg/ml.129 

rimetallic nanoparticles 

anoparticle comprising a combination of three components, so 
alled trimetallic composites, such as silver copper and cobalt 
Ag-Cu-Co), are now known to exhibit superior antimicrobial 
roperties compared to their mono- and bi-metallic counter- 
arts.130 The trimetallic nanoparticles also exhibit properties 
uch as higher catalytic activity, better stability and selective and 
ensitive detection, increased drug encapsulation efficacy, in com- 
arison to their monometallic equivalents.131 Kamli et al. (2021) 
ecently investigated the effect of Ag-Cu-Co trimetallic nanopar- 
icles against C. auris and noted a MIC range of 0.39–0.78 μg/ml
gainst 25 different C. auris isolates. The authors also suggested 
hat the nanoparticles are likely to exert their effect on C. auris
y inducing cellular apoptosis and arresting its cell cycle.131 

Thus, nanoparticle technology appears to show promise in 
ombating C. auris both in infectious foci as well as in environ-
ental ecosystems. Nevertheless, such applications will be pre- 
ature until their PK/PD profiles, physicochemical interactions,
oxicities, and their specific modes of action are determined. 
ilver nanoparticles and curcumin 

urcumin, well-known for its antimicrobial, anti-inflammatory,
nd antioxidant properties, has also been used in combination
ith AgNP as an antimicrobial agent.132 , 133 In particular, AgNPs
aced with aqueous curcumin: hydroxypropyl- β-cyclodextrin
omplex (cAgNPs; average size 42.71 ± 17.97 nm), has shown to
e effective against C. auris . Curiously though, free cAgNPs were
oxic to mammalian cells, and poorly microbicidal, but when
ombined with a bacterial cellulose hydrogel, their cytotoxicity
as reduced, and a significant antimicrobial effect was noted.134

dditionally, cAgNPs were found to be hemolytic, yet the Inves-
igators suggested that loading such nanoparticles into bacterial
ellulose hydrogel would be an attractive approach for eliminat-
ng pathogens such as C. auris , Staphylococcus aureus and Pseu-
omonas aeruginosa polymicrobial, chronic wound infections. 

anoparticle and nitric oxide (NO) combinations 

itric oxide (NO), an important component of the mammalian
nnate immune system, possesses both cytostatic and cytotoxic
roperties against a broad-spectrum of microorganisms.135 , 136

he antifungal properties of NO have been previously demon-
trated against C. albicans .137 

In order to assess the anti- C. auris properties of NO, Cleare
t al. (2020) developed nanoparticles that induce a sustained re-
ease of NO. They noted that 10 mg/ml of the nanoparticles were
ufficient to completely arrest the growth of both fluconazole-
usceptible and -resistant planktonic C. auris (a reduction of
lanktonic CFU by 1.49–10.2 log 10 ). Interestingly, there was a
ignificant reduction in biofilm viability when exposed to simi-
ar nanoparticle concentrations (a reduction of biofilm CFU by
.98–9.68 log 10 ).138 Of note, the nanoparticle scaffold itself dis-
layed intrinsic inhibition of C. auris suggesting that the anti-
ungal activity was a combined outcome due to the nanoparticle
tructure as well as the released NO. 
Although NO nanoparticles are capable of disrupting fungal

rowth and morphogenesis by inducing cellular apoptosis and
ecrosis,139 there is no data on the cellular toxicity of the novel,
ombined formulations described above. Hence, further investi-
ations are necessary to evaluate the potential clinical value of
uch combinations. 

iscellaneous drugs and compounds 

henylthiazole family 

lso, other molecules such as those from phenylthiazole fam-
ly, with no previously reported antifungal activities, have been
hown to eliminate C. auris planktonic phenotypes at 2 μg/ml
MIC) and display fungicidal activity, even after a short, 30-min
xposure (2-4 folds of MIC).140 Another derivative of phenylth-
azole family suppressed C. auris biofilm formation by 91.2%
eduction at 2 μg/ml and reduced preformed biofilms by 50.7%



Bandara and Samaranayake 19 

a
s
p
a
o
r

M

S
i
m  

a
C
n
c
s
d

V

V
p
m
S  

W
f  

a
0
S
t  

a  

t
m

s
d
P
s

A

I  

t
t
d  

a
g
d
y
C

D

I  

p  

a  

C  

f  

f  

k

2

S  

f  

t  

a  

t  

a  

d

C

S  

t  

f  

t  

a  

i  

b  

d  

c  

w

A

I  

C  

a  

i  

w  

m  

d

A

T  

n  

s  

d  

t  

t  

a  

c
3

D
ow

nloaded from
 https://academ

ic.oup.com
/m

m
y/article/60/4/m

yac008/6526320 by guest on 22 M
arch 2022
t 8 μg/ml. Further, the phenylthiazole compound prolonged the 
urvival of C. auris infected C. elegans nematode model and dis- 
layed no toxicity for mammalian cells indicating its potential as 
 future antifungal agent.140 Others have shown a related group 
f thiazoles, oxadiazolylthiazoles, and demonstrated anti- C. au- 
is properties similar to phenylthiazole to (MIC 2-4 mg/ml).141 

YC-053 

odium 5-[1-(3,5-dichloro-2-hydroxyphenyl) methylideneam- 
no]-6-methyl-1,2,3,4-tetrahydro-2,4-pyrimidinedionate, com- 
only known as MYC-053, appear to possess promising anti- C.
uris properties against both fluconazole-sensitive and -resistant 
. auris isolates. Although the exact mechanism of its activity is 
ot known, it is suggested that MYC-053 may inhibit C. auris 
hitin synthase, that mediates cell wall chitin synthesis, and 
uppresses nucleic acid synthesis of the yeast and induces cell 
eath.142 

T-1598 

T-1598 is an investigational tetrazole with promising inhibitory 
roperties against various fungi, particularly in experimental 
odels of invasive candidiasis. 143 –145 Using C. auris isolates from 

outh Asian, South American, East Asian, and African clades,
iederhold et al. (2019) demonstrated that VT-1598 success- 

ully eliminates the fungus both in vitro and in vivo . The over-
ll MICs for all isolates ranged from 0.03–8 μg/ml (MIC50: 
.25 μg/ml and MIC90: 1 μg/ml). However, the isolates from 

outh Asian clade displayed lesser sensitivity to VT-1598. When 
reated with up to 50 mg/kg, a longer survival rates ( > 21 days)
nd lower fungal burdens in the kidneys (mean log 10 CFU/g,
reated vs. control: 3.67 vs 7.26) were observed in a neutropenic 
urine model infected with C. auris .146 

Despite the lack of C. auris specific data, VT-1598 is con- 
idered a selective inhibitor of fungal Cyp51A (Erg11p; 14 α- 
emethylase) but not its mammalian counterpart of cytochrome 
 -450 enzymes.147 , 148 Thus, providing increased margin of 
afety for human use, if and when approved for such. 

rylamidine T-2307 

n a subsequent study, using similar experimental approach,
he latter investigators demonstrated the anti- C. auris proper- 
ies of another novel compound, arylamidine (T-2307). T-2307 
estroyed 100% of planktonic C. auris at 0.125 to > 4 μg/ml
nd significantly improved survival and reduced the kidney fun- 
al burden in an animal model.149 T-2307 elicits mitochon- 
rial membrane collapse in other fungi 150 although, it is not 
et known whether it deploys a similar mechanism for killing 
. auris. 
 

rimenol 

n other published work, drimenol, a synthetic drimane sesquiter-
enoids, was demonstrated to completely inhibit C. auris growth
t 50 μg/ml (MIC 30 μg/ml).151 Although exact mechanism of
. auris inhibition is yet to be known, drimenol is likely to affect
ungal cellular activities that regulate protein secretion, vacuolar
unctions, chromatin remodeling and cyclin dependent protein
inase (CDK)-associated functions.151 

-Aryloxazoline deri vati ves 

imilarly, two of the 2-aryloxazoline derivatives generated
rom a reaction between L-threonine, and derivatives of naph-
hoic or salicylic acid also exhibited MIC of 0.06-2 μg/ml
gainst fluconazole and amphotericin B sensitive and resis-
ant C. auris isolates, respectively.152 However, their mode of
ction, tolerability/toxicity and in-depth PK/PD is yet to be
etermined. 

uminaldehyde deri vati ve 

oliman et al. (2018) has shown a promising ant- C. auris ac-
ivity of derivatives of cuminaldehyde, an essential oil isolated
rom Calligonum comosum. Cuminaldehyde is known for its an-
ifungal properties, however, its toxicity has impeded its use as
n antifungal agent.153 In order to improve its biocompatibil-
ty, Hamdy et al. (2020) synthesized cuminaldehyde derivatives
y replacing the toxic aldehyde group of the essential oil. The
erivatives elicited antifungal activity against C. auris at a con-
entration range of MIC 50 2-15 μg/ml, and the compounds were
ell tolerated by mammalian cells.154 

midinourease compounds 

n another study, Orofino et al. (2020) noted the putative anti-
. auris properties of a synthetic compound from macrocyclic
midinourease, a novel class of antifungal agents. They exhib-
ted activity against fluconazole resistant strains of C. auris ,
ith a MIC range of 8–64 μg/ml, and were well tolerated in a
urine model. The exact mechanism of their action is yet to be
etermined.155 

ryl- and heteroaryl-substituted hydrazones 

hamban-Chandrika et al. (2021) recently proposed a potential
ew class of antifungal agents, fluorinated, aryl- and heteroaryl-
ubstituted hydrazones.156 When an array of synthetic monohy-
razones (family IV) were screened for their antifungal proper-
ies against C. albicans and a panel of C. auris isolates (n = 10),
hey noted seven compounds to be highly active against all C.
uris isolates with a MIC 0.015–7.8 μg/ml. Two of the novel
ompounds significantly suppressed biofilm formation (15.6–
1.3 μg/ml; 4-16x MIC) as well and exhibited better MBIC 50
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han voriconazole. These compounds appeared to be well toler- 
ted by the host cells as murine red blood cells were not adversely
ffected when exposed to these monohydrazones.156 Although 
he mechanisms of action of the monohydrazones are yet to be 
nraveled, the latter authors suggested that they are likely to in- 
erfere with fungal DNA-protein interactions. 

cetohydroxyacid synthase inhibitors 

cetohydroxyacid synthase (AHAS) has been used as the target 
or over 50 commercial herbicides and is considered a promis- 
ng target for antimicrobial drug discovery. Garcia et al . (2018) 
uggested the suppression of AHAS, the first enzyme in the 
ranched-chain amino acid biosynthesis pathway, as an effective 
trategy for managing invasive antifungal infections.157 

Using purified AHAS derived from C. auris , Agnew-Francis 
t al. (2020) identified 13 different AHAS inhibitors. Among 
hese, bensulfuron methyl appeared to be the most potent 
MIC 50 of 0.09 μM) and fungicidal against two C. auris strains 
ested. In addition, both bensulfuron methyl and chlorimuron 
thyl, exhibited potent antibiofilm effects (MBIC 50 0.596–
.98 μM).158 Several AHAS inhibitors identified in this study 
chlorimuron ethyl, bensulfuron methyl, metosulam, diclosulam,
loransulam methyl) maintained growth inhibition for a period 
f 14 days indicating their potential long-term efficacy.158 The 
HAS inhibitors have exceptionally low toxicity against mam- 
alian cells,159 and could prove to be an another viable therapy 
or managing C. auris infections. 
The foregoing clearly indicates the explosion of interest in the 

rug discovery against C. auris, and the multitude of agents eval- 
ated as anti- C. auris agents, although, unfortunately, none ap- 
ear to have been approved for therapeutic use, thus far. Further,
n depth , in vitro and in vivo studies, particularly with broader 
overage of all its clades form different geographic regions, are 
ssential to achieve this ultimate goal. 

atural compounds 

part from the synthetic compounds described above a number 
f natural metabolites derived from microbes have been another 
ocus of study in the quest for anti- C. auris agents, and these are
escribed below. 

uorum sensing molecules (QSMs) – Farnesol 

icrobial quorum sensing (QS) is the phenomenon of gene 
xpression within a microbial community through chemical 
ignals, termed QS molecules, in response to fluctuations in 
ommunal cell-population density.160 QSMs are also known 
o possess potent antimicrobial properties, particularly against 
ompeting organisms within microbial communities, and 
his attribute has been exploited in the search for potential 
ntimicrobial agents. 161 –163 
Farnesol, for instance, a major QSM secreted by some Can-
ida spp. inhibits the morphological transition of C . albicans
nd non- albicans Candida species from the yeast to the hyphal
hase thereby impeding their virulence. 164 –166 Interesting in the
urrent context is the work of Nagy et al. (2020) who demon-
trated concentration dependent (from 10 to 300 μM) inhibition
f C. auris biofilm growth and development, up to 24 h.167 The
atter researchers also reported the synergism between farnesol
nd triazole antifungals (fluconazole, voriconazole, isavucona-
ole, itraconazole and Posaconazole), on preformed 24 h C. auris
iofilms, (with a FICI ranging from 0.038 to 0.375). In an ear-
ier study, the same group reported synergism between farnesol
nd three echinocandins; anidulafungin, caspofungin, or mica-
ungin in inhibiting biofilms of four C. auris isolates of South
sian/Indian lineage.168 They witnessed 64-128 folds reduction
n biofilm inhibitory concentrations ( ≥64 μg/ml vs. 1 μg/ml) of
ll three echinocandins (by means of 50% reduction in biofilm
etabolism) when treated with farnesol.168 

Using 25 different C. auris isolates from South Africa, includ-
ng 22 fluconazole and five amphotericin B resistant strains, Sri-
astava et al. (2020) demonstrated similar inhibitory properties
f farnesol on planktonic and biofilm phenotypes of the yeast,
lthough the overall inhibitory concentration of the QSM was
arkedly higher than noted in previous studies. 167 –169 The re-
earchers observed planktonic MIC of farnesol ranged between
2.5 and 125 mM. Farnesol concentrations of 125 mM inhibited
. auris adhesion, 7.81 mM inhibited > 50% of forming biofilms,
nd 500 mM inhibited 12 and 24 h biofilms.169 As regards the
orphologic effects of farnesol on C. auris biofilms , Srivastava
t al. (2020) noted thin, scanty, and sparse biofilm development
n exposure to farnesol, in comparison to thicker and robust
iofilm growth in farnesol-free controls.167 , 169 

The exact mechanisms by which farnesol impacts C. auris
lanktonic and biofilm phenotypes are not yet known, although,
t has been speculated that the reduced activity of drug efflux
umps and the downregulation of the genes coding them ( CDR1,
DR2 and SNQ2 ) may be the reasons for such observations.169

t is well established that farnesol is actively involved in ergos-
erol biosynthesis, induce intracellular ROS, thus disrupting mi-
ochondrial metabolism in several Candida species.170 Hence it
s highly likely that the inhibitory properties of QSM against C.
uris, including the synergism with echinocandins, are likely to
e associated with one or more of these mechanisms. Further
ork is warranted however, to confirm the foregoing hypothe-
es, evaluate the bio- safety, and realize the promising potential
f farnesol as an anti C. auris agent. 

hitosan 

hitosan (poly-( β-1 → 4)-2-amino-2-deoxy-D-glucopyranose), a
aturally occurring, nontoxic polymer derived from deacety-
ated chitin, commonly found in fungal cell walls, as well as in
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rustacean exoskeletons is known to exhibit broad spectrum an- 
imicrobial activity.171 

Chitosan has been tested against both aggregating and non- 
ggregating phenotypes of C. auris (from Southern Asian/Indian 
nd South African clades) for their anti- candidal properties.172 

he latter study reported that fungicidal concentrations of chi- 
osan for planktonic C. auris ranged between 5–20 μg/ml, while 
or the biofilm phenotype MIC50 and MIC80 ranged between 10 
nd 80 μg/ml and 40 and 160 μg/ml, respectively. Two aggregat- 
ng phenotypes with known resistance to caspofungin exhibited 
he highest planktonic and sessile MIC.23 

In ultrastructural studies, the chitosan treated non- 
ggregating phenotype, unlike the aggregating counterpart,
xhibit ruptured cell walls, implying phenotype dependent 
esponse of C. auris to the polymer.172 Further analyses of 
he differential expression of genes associated with stress-like 
esponse ( ALS5, HYR3 , ERG2, KRE6, EXG, ENG1 , SAP5,
LB1 ), the latter researchers observed upregulation of all 
enes in non-aggregating phenotype (only SAP5 in aggregating 
henotype). In another study, chitosan treatment (200 mg of chi- 
osan/kg of body weight) significantly increased the survival rate 
up to 84%) of G. mellonella wax worm infected with C. auris 
ompared to untreated controls. Although the link between the 
hitosan exposure and the foregoing gene expression is unclear,
articularly for aggregating and non-aggregating phenotypes,
he investigators suggested that the direct interactions of chi- 
osan with the cell surface of the fungus may have contributed to 
his phenomenon.172 Nevertheless, C. auris inhibitory properties 
f chitosan appear promising and further investigations are 
arranted to confirm their clinical utility as a therapeutic agent.

lant products 

edicinal plants, plant products and essential oil deriva- 
ives have been used for millennia as components of vari- 
us traditional medicines, due to their potent antimicrobial 
ctivities. 173 –176 The active anti-microbial ingredients of these 
lant products are complex and varies intensely but are mini- 
ally toxic to human cells. In general, the active components 
f the herbal products are monomers such as phenylpropanoids,
avonoids, alkaloids, terpenoids, and quinones.177 , 178 The fol- 
owing section summarizes some of the plant products evaluated 
s anti- C. auris agents. 

erbal monomers 
iu et al. (2020) explored the anti- C. auris properties of five 
ommon traditional herbal monomers used in Chinese medicine,
erberine, sodium houttuyfonate, jatrorrhizine, palmatine, and 
innamaldehyde, that are already known to be antifungal in na- 
ure.179 They reported planktonic MICs of 64 μg/ml for sodium 

outtuyfonate, and 50 μg/ml for cinnamaldehyde, in contrast to 
he other three monomers which displayed higher MIC values of 
56 μg/ml. The investigators also noted a significant reduction
n C. auris colonization and aggregation, and a greater degree
f cell wall β-glucan exposure in response to a combination of
innamaldehyde, jatrorrhizine, and palmatine, as opposed to ex-
osure to the individual compounds. Although the exact mech-
nism is not known, their effects are thought to be associated
ith either the cell wall development mechanics and/or the fun-
al stress response. This hypothesis is further supported by the
ell wall remodeling properties of some of the traditional herbal
onomers.180 

innamaldehyde 
he essential oil extracted from Cinnamomum zeylanicum
lume (Sri Lankan cinnamon) leaves and bark have been widely
tudied for their antiseptic, immunostimulant, detoxifying, anal-
esic, and antidepressant effects. Previous studies have shown
he potential of this essential oil in inhibiting germ tube forma-
ion, adhesion to epithelial cells and proteinase production in C.
lbicans .181 Essential oil extracted from cinnamon bark that con-
ains ( ∼66%) trans -cinnamaldehyde is now known to be fungi-
idal at 0.03% (v/v) concentrations, and to lower C. auris associ-
ted hemolysis.182 The latter workers further suggested that the
ctive compound, cinnamaldehyde is likely to exert its activity by
ompromising the yeast cell membrane and cell wall integrity. 

-Cyperone 
n essential oil containing α-Cyperone extracted from rhizome
f Cyperus rotundus seem to possess beneficial properties such
s protecting host cells from lipopolysaccharide mediated cellu-
ar damage and from H 2 O 2 -induced oxidative stress and apop-
osis in neuronal cells.183 Recent study by Horn et al. (2021)
emonstrated the inhibitory properties of α-Cyperone on C. au-
is growth at a concentration of 150 μg/ml.184 Their anti-fungal
echanism is yet to be elucidated. 

-Shogaol 
-shogaol is a biologically active phytochemicals in ginger and
isplays potent C. auris anti-biofilm activity. 6- shogaol has a
ow MIC (MIC 50 16–32 μg/ml, and MIC 80 32–64 μg/ml) for the
lanktonic form, with over 97% suppression of forming and pre-
ormed biofilms of C. auris on exposure to 64 μg/ml. Although
he molecular mechanism of its anti- C. auris activity is yet to be
efined, the authors suggested that 6- shogaol is likely to act on
rug efflux machinery of the fungus.185 

Clearly, not all the tested essential oils or their active com-
ounds seem to possess effective and strong anti- C. auris prop-
rties. For example, an essential oil extracted from native eastern
orth American plant Thuja plicata, commonly known as Amer-
can arborvitae , exhibited only a marginal reduction in intrinsic
rowth rate of C. auris, possibly due to increased cellular death
r decreased cell division.186 
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From the foregoing it is evident that plant oils, extracts and 
onomers have significant, yet highly variable anti - C auris 
roperties. Further in-depth investigations into such phytochem- 
cals with promising potential should pay dividends in the quest 
or natural and green, pharmacological products that are anti- 
ungal in nature. 

ee honey 

edical-grade honey contains various phytochemicals such as 
lkaloids and flavonoids, in addition to bee-derived peptides,
uch as bee-defensin-1 and apidaecin.187 , 188 Honey is also 
nown to have over 200 different components that may vary 
rom one shipment to another depending on the source of ori- 
in, the geographical location, as well as the bee species.187 

Most of the honey constituents are known to possess antimi- 
robial properties although these may vary among different for- 
ulations. Despite the latter drawback, de Groot et al. (2021) 
ested a medical grade honey formulation against 32 isolates of 
. auris from five different clades and observed that exposure 
o 40% honey for 24 h results in a notable reduction in CFU
ounts (by 2 Log 10 ). However, as pure honey, at similar concen-
rations, had inferior activity, the authors concluded that the ob- 
erved yeast inhibition was likely to be due to a combined effect
f honey components, as well as other commercial additives in 
heir samples.189 Although bees honey may be a promising anti- 
. auris candidate compound, quality control of such naturally 
erived products would be a major impediment that needs to be 
vercome in future studies. 

robiotics 

robiotics therapy is now a widely accepted alternative strategy 
or improving the overall human health due to their beneficial,
ynergistic interactions with the commensal flora while inhibit- 
ng colonisation by extraneous pathogens. In this context, pro- 
iotics have been studied for their potential in preventing and 
anaging fungal infections including those caused by Candida 
pp .190 , 191 

Rossoni et al. (2020) investigated the impact of the probiotic 
actobacillus paracasei 28.4 and its supernatant on C. auris. The 
o-culture of the probiotic with C. auris led to a significant reduc-
ion of yeast counts for up to 3 days. The crude extracts of the su-
ernatant ( > 15 mg/ml) and its first fraction (3.75 –> 7.5 mg/ml)
lso demonstrated a significant suppression of all 10 C. auris iso- 
ates tested (up to 6 log 10 CFU reduction).192 In a subsequent 
tudy, co-inoculation of C. auris with two different probiotic 
easts; Saccharomyces cerevisiae and Issatchenkia occidentalis 
esulted in reduction of C. auris adhesion by 44–62%.193 Ad- 
itionally, both the probiotic and the supernatant were effective 
n impeding C. auris biofilm growth, significantly prolonged the 
urvival of C. auris infected G. mellonella .192 
As the anti-fungal components of the probiotic supernatants
re yet to be deciphered, futures workers should seek to isolate,
dentify, and characterize these bioactive molecules to evaluate
heir translational potential as therapeutics against C. auris. Pro-
iotics are particularly attractive potential therapeutics as they
re generally regarded as safe by FDA and have been tested for
heir clinical efficacy against C. albicans .194 

ovel compounds with antifungal properties 

 Fungerp’ group of antifungal agents 

ince the first reports of the stubborn resistance profile C. auris
o the current antifungal armamentarium, a number of workers
ave attempted to evaluate novel anti- C. auris compounds, and
s a result, significant new discoveries have been made, as dis-
ussed below. 
Several studies have been conducted for evaluating com-

ounds that are structurally and/or functionally similar to the
ost effective family of anti- C. auris drugs, namely glucan syn-
hase inhibitors such as echinocandins. One such compound,
o called ‘ fungerp’ antifungal agents, has been tested against C.
uris , is ibrexafungerp ( syn . SCY-078) is an orally bioavailable
riterpene glucan synthase inhibitor. It is known to possess anti-
ungal properties against common pathogenic Candida species,
ncluding those resistant to echinocandins.195 

Berkow et al. (2017) demonstrated the efficacy of SCY-078
gainst a panel of 100 different C. auris isolates from four known
lades from India, Pakistan, Colombia, South Africa, and the
nited States.15 , 196 The MIC values of SCY-078 in these stud-
es ranged from 0.0625 to 2 μg/ml (mode MIC 50 0.5 μg/ml and
IC 90 1 μg/ml).196 Importantly, seven isolates that were resis-

ant to anidulafungin, caspofungin or micafungin exhibited sus-
eptibility to SCY-078 (MIC 0.5–1 μg/ml). Zhu et al. (2020) have
lso confirmed these MIC profiles in a large-scale screening study
f 200 different C. auris isolates.197 Using 16 isolates, Larkin
t al. (2017) further demonstrated the potent antibiofilm activ-
ty of the new compound is likely to be due to the reduction of
he metabolic activity as well as the thickness of C. auris biofilms
reated with SCY-078. These investigators also suggested that the
ompound is likely to act on different cellular targets as they ob-
erved, in SEM studies, severely altered yeast morphology and
ell division arrest in SCY-078 treated C. auris .198 

In addition to being bioavailable orally, SCY-078 differs from
ther echinocandins as its activity is not compromised by the
ost common yeast mutations within the protein target, Fks.199

his has been confirmed in a study conducted on a panel of 122
. auris isolates from various geographical clades. There were
ight echinocandin resistant isolates within the tested panel of
he isolates with a S639F Fks1 alteration. Interestingly, all 122
solates were susceptible to SCY-078 with a modal MIC and
IC 50 of 0.5 μg/ml (a range of 0.06–2 μg/ml).200 In practical

erms, the range of MICs reported in these studies is well within
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he serum concentrations recorded in murine models of dissemi- 
ated candidiasis, and preclinical pharmacokinetic and pharma- 
odynamic (PK/PD) studies.201 

Ghannoum et al . (2020) demonstrated using a guinea pig 
odel, that oral administration of (10 mg/kg) of SCY-078 lowers 
he severity of lesions as well as the fungal burden in infected an-
mals compared to the controls.202 Therefore, SCY-078 is highly 
ikely to be one of the more promising new antifungal agents 
gainst echinocandin-resistant C. auris infections, and currently 
t is undergoing phase III clinical trials (NCT04029116).203 

The potent antifungal activity of SCY-078 has led to fur- 
her experiments using its analogs SCY-247. One such second- 
eneration ‘ fungerp’ antifungal compound, elicited an MIC 

ange of 0.06–1 μg/ml; MIC 50 and MIC 90 0.5 μg/ml which was 
omparable to SCY-078, against a panel of different C. auris iso- 
ates.204 Interestingly, SCY-247 exhibited fungicidal effects (MFC 

ange 0.5–8 μg/ml; MFC 50 and MFC 90 4 μg/ml) on a larger per- 
entage of C. auris isolates than SCY-078 (14 vs. 7 isolates). Fur- 
her investigations on SCY-247 in vivo responses, the potential 
or developing resistance, the molecular mechanisms of action,
nd their side effects will be important to validate the fitness 
f SCY-247 as an anti- C. auris antifungal agent. In summary,
he family of fungerp antifungal compounds SCY-078 and its 
nalogs are likely to be a potent antifungal drug class in future. 

osmanogepix or APX0 01/APX0 01A 

PX001/APX011A (Fosmanogepix, formerly E1211), a water- 
oluble small molecule with a novel and unique mechanism 

f action, has drawn the attention of a number of work- 
rs searching for effective therapies against C. auris . Unlike 
ther classes of antifungal agents, the active moiety of the 
PX001, which is released by its rapid metabolism by sys- 
emic phosphatases, targets a highly conserved fungal enzyme 
wt1 (glycosylphosphatidylinositol-anchored wall transfer pro- 
ein 1). Gwt1 catalyses the inositol acylation step of glyco- 
ylphosphatidylinositol (GPI) anchored cell wall mannoproteins 
ynthesis. These mannoproteins play a significant role in anchor- 
ng the fungus to eukaryotic cell surface proteins.205 , 206 The inhi- 
ition of Gwt1 is known to affect maturation and localization of 
ungal cell wall mannoproteins, leading to compromised cell wall 
ntegrity, defective filamentation and biofilm formation, and se- 
ere retardation of fungal growth.205 , 207 Interestingly, the PIG-W 

rotein, the mammalian ortholog of Gwt1, appeared to be insen- 
itive APX001 mediated inhibition, thus, significantly improving 
he fungal specificity of the drug target.205 

One of the early studies conducted by Hager et al. (2018) on 
he effects of APX001 on 16 isolates of C. auris have shown 
hat all isolates were susceptible to the novel compound, with 
IC 50 and MIC 90 values of 0.004 and 0.031 μg/ml, respec- 

ively.208 In another study, using a large array of C. auris iso- 
ates (n = 100) from four different geographical clades, Berkow 
nd Lockhart (2018) further confirmed and validated these re-
ults across the clades (MIC range < 0.005–0.015 μg/ml, over-
ll modal MIC 0.005 μg/ml, MIC 50 0.002 μg/ml and MIC 90

.008 μg/ml).209 The efficacy of APX001 against six echinocan-
in resistant isolates included in this study suggests its value
n treating echinocandin resistant C. auris infections. Further-
ore, Arendrup et al . (2018) also noted in an in vitro study that
PX001 is highly effective against a collection of 122 C. auris
solates (MIC 50 = 0.016 μg/ml).210 Their data also indicated that
PX001 was equally or more active than anidulafungin, mica-
ungin, voriconazole, fluconazole, and amphotericin B.197 , 200 , 210

APX001 has been proven to be very effective in in vivo mod-
ls. For instance, the exposure of immunocompromised mice
nfected with C. auris to APX001 resulted in a significantly
igher 16-day survival rate (as high as 100%) compared to the
reatment with anidulafungin. APX001 treated mice had sig-
ificantly lower CFU counts in kidney, lung, and brain tissue
with a log 10 reduction range of 1.03–1.83) versus the vehicle
ontrol.208 In a parallel study, using a similar disseminated can-
idiasis murine model, Zhao et al. (2018) confirmed the effi-
acy of the new compound in eliminating C. auris infection in
ivo and described that the outcome was dependent on the con-
entration of APX001.211 The foregoing clearly testifies to the
act that APX001 is likely to be a highly effective compound
gainst C. auris infections. Indeed, as a novel drug, currently
n the clinical development phase, ( https://clinicaltrials.gov/ct2/
how/NCT04240886 ), APX001/APX001A would likely to be
ne of the key last resort drugs in managing multi-resistant C.
uris infections in the not-too-distant future. 

ew echinocandin agents – Rezafungin (CD101) 

ezafungin (CD101) is yet another echinocandin currently in the
linical development pipeline. Compared to current echinocan-
ins, rezafungin offers enhanced pharmacokinetic properties and
as an improved safety profile, 212 –214 and the efficacy of this
ompound is proven against isolates of several other Candida
pecies. 215 –217 

In one such study, Berkhow and Lockhart (2018) noted that
IC values of rezafungin ranged between 0.03 and 8 μg/ml

mode MIC50 = 0.125 μg/ml, MIC90 = 0.5 μg/ml) among 100
ifferent C. auris isolates. Similar to previous investigations with
CY-078 and APX001A, there were no notable variations among
our clades tested. However, 4 of 8 echinocandin resistant isolates
xhibited higher MICs to rezafungin (MIC range 0.06–8 μg/ml
ith an MIC 50 of 0.5 μg/ml).218 Further analyses revealed this
o be due to S639P amino acid substitution in Fks1 hot spot
, a mutation corresponding to the echinocandin resistance in
ther Candida species (e.g., S645P in C. albicans and S629P in
. glabrata ).219 Generally, the relative increase in the MIC of
ezafungin conferred by Fks mutations was comparable to or
lightly less than those for anidulafungin and micafungin.218 , 220

https://clinicaltrials.gov/ct2/show/NCT04240886


24 Medical Mycology , 2022, Vol. 60, No. 00 

I
c  

(
l
H
t
w
i
a
i
t  

a

v
m  

a
w
t
I  

(
C
i  

t
t  

m
 

a
a
i
i
i
t  

n

N

D  

t
a
a
1
p
P  

J
M  

C
a  

r

p
b
o  

r  

o

N

R  

c  

c  

a  

1  

d  

r  

i  

e  

a  

t  

p  

t  

a  

p  

a  

a  

i  

c  

n  

g

N

W  

t  

r  

B  

i  

b  

t  

T  

d  

o  

a  

fi  

l  

t  

a

N

C  

c  

f  

a  

t  

c  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

m
y/article/60/4/m

yac008/6526320 by guest on 22 M
arch 2022
n accordance with cross resistance between rezafungin and the 
omparator echinocandins observed previously, Helleberg et al.
2020) also reported increased MIC of rezafungin in C. auris iso- 
ates with Fks1 hot spot S639F mutations (MIC 8–16 μg/ml).220 

owever, this increase in MIC was 3–4-folds greater than for 
he anidulafungin and micafungin. It is clear that FKS mutations 
ould likely to impact the efficacy of rezafungin and the increase 
n the rezafungin MIC is likely to be dependent on the codon 
nd the substitution involved in the mutation. Therefore, further 
nvestigations are warranted in understanding rezafungin resis- 
ance in C. auris. On a positive note, the azole resistance in C.
uris did not appear to impact the efficacy of rezafungin.221 

Rezafungin has also displayed some encouraging results in in 
ivo disseminated C. auris candidiasis models. Using a murine 
odel, Hager et al. (2018) demonstrated potent reduction of C.
uris in kidney tissues compared with controls, and those treated 
ith amphotericin B, up to 10 days posttreatment and compared 
o those treated with micafungin on 10th day posttreatment.222 

n a similar disseminated candidiasis murine model, Lepak et al.
2018) further validated the efficacy of rezafungin in eliminating 
. auris infection in vivo . By integrating their pharmacokinet- 
cs/pharmacodynamics (PK/PD) targets with human PK studies,
he investigators further suggested that intravenously adminis- 
ered rezafungin dose of 400 mg once a week would likely to
eet or exceed the PD target for > 90% of C. auris isolates.223 

To conclude, rezafungin shows promising activity against C.
uris and its once-weekly intravenous therapy would likely to be 
n attractive therapeutic strategy for critically ill with the fungal 
nfection. The prolong half-life, greater safety margin with chem- 
cal stability provide rezafungin a notable advantage of prevent- 
ng the development of resistance to echinocandins class of an- 
ifungal agents. Large scale clinical investigations are, however,
eeded to translate these findings into the therapeutic domain. 

ovel azole antifungal agents –PC9454 

ue to the very high safety margin and good biocompatibility,
he efficacy of novel azole antifungals against C. auris has 
lso been evaluated.26 The efficacy of one such novel triazole 
ntifungal, 4-[4-(4-{[(3R,5R)-5-(2,4-difluorophenyl)-5-(1H- 
,2,4triazol-1-ylmethyl)oxolan-3-yl]methoxy}-3-methylphenyl) 
iperazin-1-yl]-N-(4-fluorophenyl) benzamide, also known as 
C945, was tested against 72 C. auris isolates from India, UK,
apan, S. Korea, and USA.224 They noted that overall, respective 
IC 50 and MIC 90 of PC945 to be 0.063 and 0.25 μg/ml against
. auris suggesting its superior potency. In fact, PC945 was 7.4- 
nd 1.5-fold more potent than voriconazole and posaconazole,
espectively. 
PC945, similar to other azoles, acts on ergosterol synthesis 

athway by inhibiting lanosterol 14a-demethylase enzyme coded 
y ERG11 . Yet the data indicated that PC945 acts independent 
f any mutations in the ERG11 that may be associated with azole
esistance in C. auris , indicating its superior effectiveness over
ther azoles against azole resistant C. auris .224 

ovel candidate agents - Ebselen 

ather than following the conventional route of repurposing the
urrently available antimicrobials, some have taken the more
hallenging route of evaluating totally new compounds for their
ntifungal activity. In one such study, by screening a library of
 280 small molecules, Wall et al. (2018) identified nine candi-
ate molecules with potential antifungal activities against C. au-
is .225 One of these molecules with no recorded antifungal activ-
ty, to date, Ebselen (2-phenyl-1,2-benzisoselenazol-3(2H)-one),
xhibited 100% growth inhibition of C. auris at physiologically
chievable concentrations (as low as 2.5 μM). 225 –227 These inves-
igators further noted that ebselen actively impedes the biofilm
henotype of the fungus at physiological concentrations of 5.9
o 9.8 μg/ml. The novel molecule appeared to be highly effective
gainst C. auris irrespective of its resistance to fluconazole, am-
hotericin B or caspofungin. Although its exact antifungal mech-
nism is not yet known, ebselen is known to induce ROS medi-
ted cytotoxicity and the membrane H 

+ -ATPase pump (Pma1p)
n Saccharomyces cerevisiae, and also deplete the fungal intra-
ellular glutathione levels.228 , 229 Same investigators have also
oted synergistic interactions between ebselen and anidulafun-
in.225 , 230 

ovel candidate agents - Miltefosine and Iodoquinol 

all et al. (2019) in a subsequent study, identified two fur-
her compounds, miltefosine and iodoquinol, with anti- C. au-
is properties by screening another chemical library (Pathogen
ox®). They noted the potent in vitro inhibitory activity of
odoquinol against planktonic C. auris, and miltefosine against
oth planktonic and biofilm phase C. auris at 4 μg/ml, irrespec-
ive of the antifungal resistance profiles of the chosen isolates.231

he same group of researchers in another study, identified 26
ifferent compounds with anti- C. auris activity by screening of
ver 12 000 small molecules (ReFRAME library). These included
ntiseptics, disinfectants, antibacterials and most interestingly
ve repositionable compounds including miltefosine (Tazome-
ine, Lonafarnib, AM-24, Miltefosine and Provecta). However,
he mechanisms of antifungal actions of the latter compounds
re yet to be defined.232 

ovel candidate agents - Suloctidil 

oncurrently, de Oliveira et al. (2019), by screening another
hemical library (Prestwick Chemical Library), identified 12 dif-
erent compounds with ≥90% growth inhibition of C. auris,
nd seven of these demonstrated reproducible antifungal ac-
ivities. These were suloctidil, trifluoperazine dihydrochloride,
iclopirox ethanolamine, tamoxifen citrate, ebselen, pyrvinium
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amoate, and thiethylperazine dimalate.230 Among these, suloc- 
idil inhibited C. auris growth by > 78% at a concentration of 
6 μg/ml. They also demonstrated a synergy between suloc- 
idil and voriconazole, that led to 2-32-fold lowering of MIC 

f voriconazole against C. auris .230 

ovel candidate agents – Niclosamide and 

alogenated Salicylanilide 

urthermore, a screen of a chemical library of 678 small 
olecules revealed that niclosamide (5-chloro-salicyl-(2- 
hloro-4-nitro) anilide), an FDA-approved anthelmintic 
rug for humans, and a halogenated salicylanilide (N1-(3,5- 
ichlorophenyl)-5-chloro-2-hydroxybenzamide), another an- 
helmintic drug for veterinary use, as compounds with potential 
ntibiofilm properties against C. auris. Both anthelmintic drugs 
emonstrated anti- C. auris biofilm properties at 1 μM. Al- 
hough their C. auris specific molecular mechanisms are yet to 
e known, the two anthelmintic drugs are known to subdue 
. albicans virulence suppressing morphological transition and 
itochondrial protein import machinery.233 

epurposed drugs 

s discussed above, screening compound libraries have revealed 
itherto unknown non-antimicrobial drugs such as miltefosine,
iclosamide, and halogenated salicylanilide with promising an- 
imicrobial potential.232 , 234 As a consequence, there has been a 
enewed interest in repurposing older drugs as antifungal agents.
or instance, Hao et al. (2020) witnessed the potent inhibition 
f C. auris planktonic phase by 4–8 μg/ml of disulfiram, a drug 
sed for treating chronic alcoholism, however, its ability to in- 
ibit the biofilm phenotype appeared to be modest (MBIC 80 

4–128 μg/ml).234 The following section discusses some key 
on-antimicrobial drugs that could be repurposed and exhibited 
romising anti- C. auris properties. 

ertraline 

n another work, Gowri et al. (2020) reported that an antide- 
ressant sertraline is capable of suppressing C. auris .235 The MIC 

f sertraline against three different C. auris isolates ranged be- 
ween 20 and 40 μg/ml. The antidepressant exhibited its fungi- 
idal activity as early as 6 h, and suppressed biofilm formation 
y 71%, at doses of 20 μg/ml. Through in silico studies, authors 
oted that sertraline elicits its deleterious effect on C. auris by 
inding to the Erg11p in the ergosterol biosynthesis pathway, as 
hey noted a 32-fold reduction in the ergosterol content of the 
est samples.235 The anti- Candida properties of sertraline have 
een previously recorded, and findings of this study further vali- 
ates its broad spectrum of activity although the collateral reper- 
ussions of administering such doses to those that are otherwise 
ealthy needs further investigations.236 
lexidine dihydrochloride 

lexidine dihydrochloride (a bis-biguanide dihydrochloride), an
nticancer drug that targets a mitochondrial tyrosine phos-
hatase in mammalian cells which drive mitochondrial apop-
osis,237 has been noted to inhibit C. auris by Mamouei et al.
2018). They reported > 80% inhibition of fluconazole resistant
lanktonic phase (at 1.5 μg/ml), and developing and mature
iofilm phase (at 3–6 μg/ml) of C. auris when exposed to alexi-
ine dihydrochloride.238 

The anticancer drug appeared to be well tolerated by mam-
alian epithelial cells (5–10 × planktonic MIC is needed for 50%
illing of HUVEC), although its toxicity for some immune cell
omponents such as macrophages, appeared to be high (50% cy-
otoxic concentration, CC 50 , of over 5 μg/ml).238 Interestingly,
he drug is already used in dentistry as an antiplaque agent
nd root canal irrigant due to its antibacterial properties. 239 –241

herefore, its further optimization into a compound with a
igher efficacy and bioavailability, and low toxicity would likely
o generate a successful repurposed antifungal agent. 

efloquine deri vati ves 

n another study that investigated the potential of repurposed ap-
roved drugs, derivatives of mefloquine, an orally prescribed, 4-
uinoline-methanol antimalarial drug, was noted to possess anti-
. auris properties. Montoya et al. (2020) tested a small group of
efloquine derivatives against fluconazole susceptible and resis-
ant C. auris and noted their planktonic MICs to range between
 and 8 μg/ml.242 The derivatives were also effective against flu-
onazole resistant C. auris isolates (MIC 4-8 μg/ml). Interest-
ngly, despite this observation mefloquine itself was largely inef-
ective against a tested C. auris isolate (MIC 128 μg/ml). They
uggested that the antifungal effect of the derivatives may be
ssociated with their ability to disrupt the mitochondrial mem-
rane, vacuolar disruption and interfere with DNA stability –
 mode of action distinctive from existing antifungal drugs.242

s the antifungal activity of these derivatives have been previ-
usly shown against with Cryptococcus neoformans and C. al-
icans 243 further optimization of their pharmacokinetics is likely
o be fruitful. 

erspectives and concluding remarks 

he multitude of reports on the new therapeutic strategies
gainst C. auris infections reported here is rather startling, con-
idering the fact that the organism was first described over a
ecade ago in 2009. Its alarming global spread, multi- resistance
o almost all of the currently available antifungals, and the mor-
idity and mortality it causes are the clear reasons for such great
nterest in this inveterate ‘new kid on the block’. Fortunately,
here is hope, as a vast majority of compounds reported thus
ar appear to exhibit encouraging anti- C. auris properties, with
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romising drugs now in the pipeline in various stages of develop- 
ent. Nevertheless, there are several areas that need immediate 
ttention in anti- C. auris therapeutics. The lack of data on the
odes of action, toxicity, dosage, and the potential of C. auris 
o develop resistance to the new therapeutic modes is clear, and 
urther studies are urgently warranted. As per EU Clinical Tri- 
ls Register and NIH ClinicalTrials.gov, several novel antifun- 
al compounds are currently undergoing clinical trials, however,
nly two of the aforementioned compounds (SCY-078, APX001) 
ave been specifically tested on C. auris . Considering the sever- 
ty of the infection and the incidence of antifungal resistance of 
. auris, urgent attention is needed to minimize the lag between 
aboratory testing and clinical validation of anti- C. auris com- 
ounds. This yeast is also unique in its bi-pronged action of be-
ng a harmful human pathogen, and unlike most of its counter- 
arts, possessing the ability to survive in the environment, and 
omite surfaces, for weeks, maintaining its ability to cause in- 
ection. Hence strategies to tackle the organism should include 
ot only the development of appropriate antifungal therapeutics,
ut also good environmental disinfectants effective in healthcare 
cosystems. Finally, due to the isolation of the pathogen in over 
5 different countries, future studies are needed with an inclusion 
f wide range of clinical isolates and a greater clade representa- 
ion so as to produce data of grater relevance, significance, and 
alidity. 

unding 

his research received no specific grant from any funding agency in the
ublic, commercial, or not-for-profit sectors. 

uthor contribution 

onceptualization: NB and LS, Writing – original draft: NB, Writing –
eview &, editing: NB and LS. 

eclaration of interest 

he authors report no conflicts of interest. The authors alone are respon- 
ible for the content and the writing of the paper. 

eferences 

. WHO. Antimicrobial resistance . Accessed 27 January, 2021. https://www.who. 
int/news-room/fact-sheets/detail/antimicrobial-resistance .

. Wellcome-Trust. Review on antimicrobial resistance. Wellcome Trust and the 
UK Department of Health. Accessed 27 January, 2021. https://amr-review.org/.

. Prakash H, Chakrabarti A. Epidemiology of mucormycosis in India. Microor- 
ganisms. 2021; 9: 1–12.

. Satoh K, Makimura K, Hasumi Y, Nishiyama Y, Uchida K, Yamaguchi H. Can-
dida auris sp. nov., a novel ascomycetous yeast isolated from the external ear
canal of an inpatient in a Japanese hospital. Microbiol Immunol. 2009; 53: 41–
44.
. CDC. Tracking Candida auris . Centers for Disease Control and Preven-
tion. Accessed 27 January, 2021. https://www.cdc.gov/fungal/candida-auris/
tracking- c- auris.html .

. PHE. Candida auris identified in England. Public Health England. Updated 11
August Accessed 3 June, 2020. https://www.gov.uk/government/publications/
candida- auris- emergence- in- england/candida- auris- identified- in- england .

. ECDC. Candida auris in healthcare settings –Europe. European Centre
for Disease Prevention and Control. Updated 19 December. Accessed 3
June 2020. https://www.ecdc.europa.eu/sites/portal/files/media/en/publications/
Publications/Candida- in- healthcare- settings _ 19- Dec- 2016.pdf.

. CDC. Candida auris clinical update. Centers for Disease Control and
Prevention, National Center for Emerging and Zoonotic Infectious Dis-
eases (NCEZID), Division of Foodborne, Waterborne, and Environ-
mental Diseases (DFWED). Updated 18 September. Accessed 3 June,
2020. https://www.cdc.gov/fungal/candida-auris/c-auris-alert-09-17.html?
CDC _ AA _ refVal=https%3A%2F%2Fwww.cdc.gov%2Ffungal%2Fdiseases% 

2Fcandidiasis%2Fc- auris- alert- 09- 17.html .
. Prestel C, Anderson E, Forsberg K et al. Candida auris outbreak in a COVID-

19 specialty care unit - Florida, July-August 2020. MMWR Morb Mortal Wkly
Rep. 2021; 70: 56–57.

0. Rodriguez JY, Le Pape P, Lopez O, Esquea K, Labiosa AL, Alvarez-Moreno C.
Candida auris : a latent threat to critically ill patients with Coronavirus Disease
2019. Clin Infect Dis. 2021; 73: e2836–e2837.

1. Magnasco L, Mikulska M, Giacobbe DR et al. Spread of carbapenem-resistant
Gram-negatives and Candida auris during the COVID-19 pandemic in critically
ill patients: one step back in antimicrobial stewardship? Microorganisms. 2021;
9: 95 1–10.

2. Villanueva-Lozano H, Trevino-Rangel RJ, Gonzalez GM et al. Outbreak of Can-
dida auris infection in a COVID-19 hospital in Mexico. Clin Microbiol Infect.
2021; 5: 813–816.

3. Chatterjee S, Alampalli SV, Nageshan RK, Chettiar ST, Joshi S, Tatu US. Draft
genome of a commonly misdiagnosed multidrug resistant pathogen Candida
auris . BMC Genomics. 2015; 16: 1–16. 686.

4. Munoz JF, Gade L, Chow NA et al. Genomic insights into multidrug-resistance,
mating and virulence in Candida auris and related emerging species. Nat Com-
mun. 2018; 9: 1–13. 5346 

5. Lockhart SR, Etienne KA, Vallabhaneni S et al. Simultaneous emergence
of multidrug-resistant Candida auris on 3 continents confirmed by whole-
genome sequencing and epidemiological analyses. Clin Infect Dis. 2017; 64:
134–140.

6. Chow NA, de Groot T, Badali H, Abastabar M, Chiller TM, Meis JF. Potential
fifth clade of Candida auris, Iran, 2018. Emerg Infect Dis. 2019; 25: 1780–1781.

7. Ademe M, Girma F. Candida auris: from multidrug resistance to pan-resistant
strains. Infection and Drug Resistance. 2020; 13: 1287–1294.

8. Chowdhary A, Voss A, Meis JF. Multidrug-resistant Candida auris : ‘new
kid on the block’ in hospital-associated infections? J Hosp Infect. 2016; 94:
209–212.

9. Rudramurthy SM, Chakrabarti A, Paul RA et al. Candida auris candidaemia in
Indian ICUs: analysis of risk factors. J Antimicrob Chemother. 2017; 72: 1794–
1801.

0. Jeffery-Smith A, Taori SK, Schelenz S et al. Candida auris : a review of the liter-
ature. Clin Microbiol Rev. 2018; 31: e00029–17.

1. Hata DJ, Humphries R, Lockhart SR, College of American Pathologists Micro-
biology Committee. Candida auris : an emerging yeast pathogen posing distinct
challenges for laboratory diagnostics, treatment, and infection prevention. Arch
Pathol Lab Med. 2020; 144: 107–114.

2. Santos MA, Gomes AC, Santos MC, Carreto LC, Moura GR. The genetic code
of the fungal CTG clade. CR Biol 2011; 334: 607–611.

3. Sherry L, Ramage G, Kean R et al. Biofilm-forming capability of highly vir-
ulent, multidrug-resistant Candida auris . Emerg Infect Dis. 2017; 23: 328–
331.

4. Yue H, Bing J, Zheng Q et al. Filamentation in Candida auris , an emerging
fungal pathogen of humans: passage through the mammalian body induces a
heritable phenotypic switch. Emerg Microbes Infect. 2018; 7: 1–13.

5. Cortegiani A, Misseri G, Fasciana T, Giammanco A, Giarratano A, Chowdhary
A. Epidemiology, clinical characteristics, resistance, and treatment of infections
by Candida auris . J Intensive Care. 2018; 6: 1–13.

https://www.who.int/news-room/fact-sheets/detail/antimicrobial-resistance
https://amr-review.org/
https://www.cdc.gov/fungal/candida-auris/tracking-c-auris.html
https://www.gov.uk/government/publications/candida-auris-emergence-in-england/candida-auris-identified-in-england
https://www.ecdc.europa.eu/sites/portal/files/media/en/publications/Publications/Candida-in-healthcare-settings_19-Dec-2016.pdf
https://www.cdc.gov/fungal/candida-auris/c-auris-alert-09-17.html?CDC_AA_refVal=https%3A%2F%2Fwww.cdc.gov%2Ffungal%2Fdiseases%2Fcandidiasis%2Fc-auris-alert-09-17.html


Bandara and Samaranayake 27 

2  

 

2  

2

2  

 

3  

 

3  

3

3
 

3  

3  

3  

3  

 

3  

 

3

4
 

4  

4  

4  

4  

4  

4

4

4  

 

 

4  

 

5  

5  

 

 

5  

 

5  

 

5  

 

 

5  

 

5  

 

5  

 

5  

 

 

5  

 

6  

6  

 

6  

 

6  

 

6  

 

6  

 

6  

 

6  

6
6  

 

7  

 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

m
y/article/60/4/m

yac008/6526320 by guest on 22 M
arch 2022
6. Osei Sekyere J. Candida auris : a systematic review and meta-analysis of cur-
rent updates on an emerging multidrug-resistant pathogen. Microbiologyopen.
2018; 7: 1–29. e00578.

7. Sharma C, Kumar N, Pandey R, Meis JF, Chowdhary A. Whole genome se-
quencing of emerging multidrug resistant Candida auris isolates in India demon- 
strates low genetic variation. New Microbes New Infect. 2016; 13: 77–82.

8. Ben-Ami R, Berman J, Novikov A et al. Multidrug-resistant Candida haemulonii 
and C. auris , Tel Aviv, Israel. Emerg Infect Dis. 2017; 23: 195–203.

9. Chowdhary A, Prakash A, Sharma C et al. A multicentre study of antifungal sus-
ceptibility patterns among 350 Candida auris isolates (2009-17) in India: role of
the ERG11 and FKS1 genes in azole and echinocandin resistance. J Antimicrob 
Chemother. 2018; 73: 891–899.

0. Rybak JM, Doorley LA, Nishimoto AT, Barker KS, Palmer GE, Rogers PD. Ab-
rogation of triazole resistance upon deletion of CDR1 in a clinical isolate of
Candida auris . Antimicrob Agents Chemother. 2019; 63: e00057–19.

1. Healey KR, Kordalewska M, Jiménez Ortigosa C et al. Limited ERG11 muta-
tions identified in isolates of Candida auris directly contribute to reduced azole 
susceptibility. Antimicrob Agents Chemother 2018; 62: e01427–18.

2. Escandón P, Chow NA, Caceres DH et al. Molecular epidemiology of Candida 
auris in Colombia reveals a highly related, countrywide colonization with re- 
gional patterns in amphotericin B resistance. Clin Infect Dis. 2019; 68: 15–21.

3. Krishnasamy L, Krishnakumar S, Kumaramanickavel G, Saikumar C. Molecular 
mechanisms of antifungal drug resistance in Candida species. J Clin Diagn Res.
2018; 12: 1–6.

4. Vandeputte P, Ferrari S, Coste AT. Antifungal resistance and new strategies to
control fungal infections. Int J Microbiol. 2012; 2012: 1–26. 713687.

5. Kordalewska M, Lee A, Park S et al. Understanding echinocandin resistance in
the emerging pathogen Candida auris . Antimicrob Agents Chemother. 2018; 62: 
e00238–18.

6. Rhodes J, Abdolrasouli A, Farrer RA et al. Genomic epidemiology of the UK
outbreak of the emerging human fungal pathogen Candida auris . Emerg Mi- 
crobes Infect. 2018; 7: 1–12.

7. Rybak JM, Muñoz JF, Barker KS et al. Mutations in TAC1B: a novel genetic
determinant of clinical fluconazole resistance in Candida auris . mBio 2020; 11.
doi:10.1128/mBio.00365-20.

8. Chaabane F, Graf A, Jequier L, Coste AT. Review on antifungal resistance mech-
anisms in the emerging pathogen Candida auris . Front Microbiol. 2019; 10: 1–8.
2788.

9. Lee Y, Puumala E, Robbins N, Cowen LE. Antifungal drug resistance: molecular 
mechanisms in Candida albicans and beyond. Chem Rev. 2020; 121: 3390–
3411.

0. Martin-Loeches I, Antonelli M, Cuenca-Estrella M et al. ESICM/ESCMID task 
force on practical management of invasive candidiasis in critically ill patients.
Intensive Care Med. 2019; 45: 789–805.

1. Robbins N, Caplan T, Cowen LE. Molecular evolution of antifungal drug re-
sistance. Annu Rev Microbiol. 2017; 71: 753–775.

2. Fakhim H, Chowdhary A, Prakash A et al. In vitro interactions of echinocandins
with triazoles against multidrug-resistant Candida auris . Antimicrob Agents 
Chemother. 2017; 61: e01056–17.

3. Bidaud AL, Botterel F, Chowdhary A, Dannaoui E. In vitro antifungal combina-
tion of flucytosine with amphotericin bB, voriconazole, or micafungin against 
Candida auris shows no antagonism. Antimicrob Agents Chemother. 2019; 63: 
e01393–19.

4. O’Brien B, Chaturvedi S, Chaturvedi V. In vitro evaluation of antifungal drug
combinations against multidrug-resistant Candida auris isolates from New York 
outbreak. Antimicrob Agents Chemother. 2020; 64: e02195–19.

5. Cheng YS, Roma JS, Shen M et al. Identification of antifungal compounds
against multidrug resistant Candida auris utilizing a high throughput drug re- 
purposing screen. Antimicrob Agents Chemother. 2021; 65: e01305–20.

6. Pfaller MA, Messer SA, Deshpande LM, Rhomberg PR, Utt EA, Castanheira 
M. Evaluation of synergistic activity of isavuconazole or voriconazole plus 
anidulafungin and the occurrence and genetic characterisation of Candida au- 
ris detected in a surveillance program. Antimicrob Agents Chemother. 2021; 65: 
e02031–20.

7. Eldesouky HE, Li X, Abutaleb NS, Mohammad H, Seleem MN. Synergistic 
interactions of sulfamethoxazole and azole antifungal drugs against emerging 
multidrug-resistant Candida auris . Int J Antimicrob Agents. 2018; 52: 754–761.
8. Navarro-Martínez MD, Cabezas-Herrera J, Rodríguez-López JN. Antifolates
as antimycotics? Connection between the folic acid cycle and the ergosterol
biosynthesis pathway in Candida albicans . Int J Antimicrob Agents. 2006; 28:
560–567.

9. Davis HR, Ashcraft DS, Pankey GA. In vitro interaction of fluconazole
and trimethoprim-sulfamethoxazole against Candida auris using ETEST and
checkerboard methods. J Investig Med. 2021; 69: 96–99.

0. Schwarz P, Bidaud AL, Dannaoui E. In vitro synergy of isavuconazole in com-
bination with colistin against Candida auris . Sci Rep. 2020; 10: 1–8. 21448.

1. Eldesouky HE, Salama EA, Li X, Hazbun TR, Mayhoub AS, Seleem MN. Re-
purposing approach identifies pitavastatin as a potent azole chemosensitizing
agent effective against azole-resistant Candida species. Sci Rep. 2020; 10: 1–12.
7525.

2. Eldesouky HE, Lanman NA, Hazbun TR, Seleem MN. Aprepitant, an antiemetic
agent, interferes with metal ion homeostasis of Candida auris and displays po-
tent synergistic interactions with azole drugs. Virulence. 2020; 11: 1466–1481.

3. Eldesouky HE, Salama EA, Hazbun TR, Mayhoub AS, Seleem MN. Ospemifene
displays broad-spectrum synergistic interactions with itraconazole through po-
tent interference with fungal efflux activities. Sci Rep. 2020; 10: 1–10. 6089.

4. Eldesouky HE, Salama EA, Lanman NA, Hazbun TR, Seleem MN. Potent syner-
gistic interactions between lopinavir and azole antifungal drugs against emerg-
ing multidrug-resistant Candida auris . Antimicrob Agents Chemother. 2020; 65:
e00684–20.

5. Iyer KR, Camara K, Daniel-Ivad M et al. An oxindole efflux inhibitor poten-
tiates azoles and impairs virulence in the fungal pathogen Candida auris . Nat
Commun. 2020; 11: 1–17. 6429.

6. Kovács R, Nagy F, Tóth Z et al. The Neosartorya fischeri antifungal protein
2 (NFAP2): a new potential weapon against multidrug-resistant Candida auris
biofilms. Int J Mol Sci. 2021; 22: 1–14. 771.

7. Tits J, Cools F, De Cremer K et al. Combination of miconazole and domiphen
bromide is fungicidal against biofilms of resistant Candida spp . Antimicrob
Agents Chemother. 2020; 64: e01296–20.

8. Wu Y, Totten M, Memon W, Ying C, Zhang SX. In vitro antifungal susceptibil-
ity of the emerging multidrug-resistant pathogen Candida auris to miltefosine
alone and in combination with amphotericin B. Antimicrob Agents Chemother.
2020; 64: e02063–19.

9. Castro MD, Gomez MA, Kip AE et al. Pharmacokinetics of miltefosine in chil-
dren and adults with cutaneous leishmaniasis. Antimicrob Agents Chemother.
2017; 61: e02198–16.

0. Dorlo TP, Rijal S, Ostyn B et al. Failure of miltefosine in visceral leishmaniasis
is associated with low drug exposure. J Infect Dis. 2014; 210: 146–153.

1. Barreto TL, Rossato L, de Freitas ALD et al. Miltefosine as an alternative strat-
egy in the treatment of the emerging fungus Candida auris . Int J Antimicrob
Agents. 2020; 6: 1–8. 106049.

2. Shaban S, Patel M, Ahmad A. Improved efficacy of antifungal drugs in com-
bination with monoterpene phenols against Candida auris . Sci Rep. 2020; 10:
1–8. 1162.

3. Revie NM, Robbins N, Whitesell L et al. Oxadiazole-containing macrocyclic
peptides potentiate azole activity against pathogenic Candida species. mSphere.
2020; 5: e00256–20.

4. Ahangarkani F, Khodavaisy S, Mahmoudi S et al. Indifferent effect of nons-
teroidal anti-inflammatory drugs (NSAIDs) combined with fluconazole against
multidrug-resistant Candida auris . Curr. Med. Mycol. 2019; 5: 26–30.

5. Mahmoudi S, Rezaie S, Daie Ghazvini R et al. In vitro interaction of gel-
danamycin with triazoles and echinocandins against common and emerging
Candida species. Mycopathologia. 2019; 184: 607–613.

6. Kombrink A, Tayyrov A, Essig A et al. Induction of antibacterial proteins and
peptides in the coprophilous mushroom Coprinopsis cinerea in response to bac-
teria. ISME J. 2019; 13: 588–602.

7. Ko ́sciuczuk EM, Lisowski P, Jarczak J et al. Cathelicidins: family of antimicro-
bial peptides. A review. Mol Biol Rep. 2012; 39: 10957–10970.

8. Malmsten M. Antimicrobial peptides. UPS J Med Sci. 2014; 119: 199–204.
9. Nguyen LT, Haney EF, Vogel HJ. The expanding scope of antimicrobial

peptide structures and their modes of action. Trends Biotechnol. 2011; 29:
464–472.

0. Coorens M, Scheenstra MR, Veldhuizen EJ, Haagsman HP. Interspecies catheli-
cidin comparison reveals divergence in antimicrobial activity, TLR modulation,



28 Medical Mycology , 2022, Vol. 60, No. 00 

 

7  

7  

7
 

7

7  

7  

7  

7

7  

8  

 

8
 

8  

8  

 

8  

8
 

8  

8

8

8

9

9  

 

9  

 

9  

 

9  

 

9  

 

9  

 

9  

 

9  

9  

1  

 

1  

 

1  

 

1  

 

1  

 

1  

 

 

1  

 

1  

1  

 

 

1  

1  

 

1  

 

 

1  

 

1  

 

1  

 

1  

1  

 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

m
y/article/60/4/m

yac008/6526320 by guest on 22 M
arch 2022
chemokine induction and regulation of phagocytosis. Sci Rep. 2017; 7: 1–11.
40874.

1. Tomasinsig L, Zanetti M. The cathelicidins–structure, function and evolution.
Curr Protein Pept Sci. 2005; 6: 23–34.

2. van Eijk M, Boerefijn S, Cen L et al. Cathelicidin-inspired antimicrobial peptides
as novel antifungal compounds. Med Mycol. 2020; 58: 1073–1084.

3. Ramachandran R, Shrivastava M, Narayanan NN, Thakur RL, Chakrabarti 
A, Roy U. Evaluation of antifungal efficacy of three new cyclic lipopeptides
of the class bacillomycin from Bacillus subtilis RLID 12.1. Antimicrob Agents 
Chemother. 2018; 62: e01457–17.

4. Maget-Dana R, Peypoux F. Iturins, a special class of pore-forming lipopep- 
tides: biological and physicochemical properties. Toxicology. 1994; 87: 
151–174.

5. Vicente FEM, González-Garcia M, Diaz Pico E et al. Design of a helical-
stabilized, cyclic, and nontoxic analog of the peptide Cm-p5 with improved 
antifungal activity. ACS Omega. 2019; 4: 19081–19095.

6. López-Abarrategui C, McBeth C, Mandal SM et al. Cm-p5: an antifungal hy-
drophilic peptide derived from the coastal mollusk Cenchritis muricatus (Gas- 
tropoda: littorinidae). Faseb J. 2015; 29: 3315–3325.

7. Kubiczek D, Flaig C, Raber H et al. A cerberus-inspired anti-infective multicom-
ponent gatekeeper hydrogel against infections with the emerging “superbug”
yeast Candida auris . Macromol Biosci. 2020; 20: 1–11. e2000005.

8. Schenberg S. Geographical pattern of crotamine distribution in the same rat- 
tlesnake subspecies. Science 1959; 129: 1361–1363.

9. Yamane ES, Bizerra FC, Oliveira EB et al. Unraveling the antifungal activity of
a South American rattlesnake toxin crotamine. Biochimie 2013; 95: 231–240.

0. Dal Mas C, Rossato L, Shimizu T et al. Effects of the natural peptide crotamine
from a south american rattlesnake on Candida auris , an emergent multidrug
antifungal resistant human pathogen. Biomolecules. 2019; 9: 1–10. 205.

1. Nascimento FD, Hayashi MA, Kerkis A et al. Crotamine mediates gene delivery 
into cells through the binding to heparan sulfate proteoglycans. J Biol Chem.
2007; 282: 21349–21360.

2. Nascimento FD, Sancey L, Pereira A et al. The natural cell-penetrating peptide
crotamine targets tumor tissue in vivo and triggers a lethal calcium-dependent 
pathway in cultured cells. Mol Pharm. 2012; 9: 211–221.

3. Kim J, Yang YL, Jang SH, Jang YS. Human β-defensin 2 plays a regulatory
role in innate antiviral immunity and is capable of potentiating the induction of
antigen-specific immunity. Virol J. 2018; 15: 1–12. 124.

4. Costa BA, Sanches L, Gomide AB et al. Interaction of the rattlesnake toxin cro-
tamine with model membranes. J Phys Chem B. 2014; 118: 5471–5479.

5. Yount NY, Kupferwasser D, Spisni A et al. Selective reciprocity in antimicrobial 
activity versus cytotoxicity of hBD-2 and crotamine. Proc Natl Acad Sci USA.
2009; 106: 14972–14977.

6. da Silva CR, de Andrade Neto JB, de Sousa Campos R et al. Synergistic effect
of the flavonoid catechin, quercetin, or epigallocatechin gallate with flucona- 
zole induces apoptosis in Candida tropicalis resistant to fluconazole. Antimi- 
crob Agents Chemother. 2014; 58: 1468–1478.

7. Fox JL. Antimicrobial peptides stage a comeback. Nat Biotechnol. 2013; 31: 
379–382.

8. Wilmes M, Sahl HG. Defensin-based anti-infective strategies. Int J Med Micro- 
biol. 2014; 304: 93–99.

9. Hancock RE, Sahl HG. Antimicrobial and host-defense peptides as new anti- 
infective therapeutic strategies. Nat Biotechnol. 2006; 24: 1551–1557.

0. Fjell CD, Hiss JA, Hancock RE, Schneider G. Designing antimicrobial peptides: 
form follows function. Nat Rev Drug Discov. 2011; 11: 37–51.

1. Meiller TF, Hube B, Schild L et al. A novel immune evasion strategy of Candida
albicans : proteolytic cleavage of a salivary antimicrobial peptide. PLoS One.
2009; 4: 1–9. e5039.

2. Schaal JB, Tran D, Tran P et al. Rhesus macaque theta defensins suppress inflam-
matory cytokines and enhance survival in mouse models of bacteremic sepsis.
PLoS One. 2012; 7: 1–11. e51337.

3. Conibear AC, Rosengren KJ, Daly NL, Henriques ST, Craik DJ. The cyclic cys-
tine ladder in θ-defensins is important for structure and stability, but not an-
tibacterial activity. J Biol Chem. 2013; 288: 10830–10840.

4. Tang YQ, Yuan J, Osapay G et al. A cyclic antimicrobial peptide produced in
primate leukocytes by the ligation of two truncated alpha-defensins. Science.
1999; 286: 498–502.
5. Tran D, Tran P, Roberts K et al. Microbicidal properties and cytocidal selectivity
of rhesus macaque theta defensins. Antimicrob Agents Chemother. 2008; 52:
944–953.

6. Basso V, Garcia A, Tran DQ et al. Fungicidal potency and mechanisms of
θ-Defensins against multidrug-resistant Candida species. Antimicrob Agents
Chemother. 2018; 62: e00111–18.

7. Pathirana RU, Friedman J, Norris HL et al. Fluconazole-resistant Candida auris
is susceptible to salivary histatin 5 killing and to intrinsic host defenses. Antimi-
crob Agents Chemother. 2018; 62: e01872–17.

8. Lai XZ, Feng Y, Pollard J et al. Ceragenins: cholic acid-based mimics of antimi-
crobial peptides. Acc Chem Res. 2008; 41: 1233–1240.

9. Hashemi MM, Holden BS, Durna ́s B, Bucki R, Savage PB. Ceragenins as mimics
of endogenous antimicrobial peptides. J Antimicrob Agents. 2017; 3: 1–10.

00. Olekson MA, You T, Savage PB, Leung KP. Antimicrobial ceragenins inhibit
biofilms and affect mammalian cell viability and migration in vitro . FEBS Open
Bio. 2017; 7: 953–967.

01. Durna ́s B, Wnorowska U, Pogoda K et al. Candidacidal activity of selected cer-
agenins and human cathelicidin LL-37 in experimental settings mimicking in-
fection sites. PLoS One. 2016; 11: 1–20. e0157242.

02. Hashemi MM, Rovig J, Weber S, Hilton B, Forouzan MM, Savage PB. Suscepti-
bility of colistin-resistant, Gram-negative bacteria to antimicrobial peptides and
ceragenins. Antimicrob Agents Chemother. 2017; 61: e00292–17.

03. Hashemi MM, Rovig J, Holden BS et al. Ceragenins are active against drug-
resistant Candida auris clinical isolates in planktonic and biofilm forms. J An-
timicrob Chemother. 2018; 73: 1537–1545.

04. Bucki R, Niemirowicz K, Wnorowska U et al. Bactericidal activity of ceragenin
CSA-13 in cell culture and in an animal model of peritoneal infection. Antimi-
crob Agents Chemother. 2015; 59: 6274–6282.

05. Chupácová J, Borghi E, Morace G, Los A, Bujdáková H. Anti-biofilm activ-
ity of antibody directed against surface antigen complement receptor 3-related
protein-comparison of Candida albicans and Candida dubliniensis . Pathog Dis.
2018; 76: 1–10.

06. Dekkerová J, Lopez-Ribot JL, Bujdáková H. Activity of anti-CR3-RP poly-
clonal antibody against biofilms formed by Candida auris , a multidrug-resistant
emerging fungal pathogen. European J Clin Microbiol Infect Dis 2019; 38: 101–
108.

07. Singh S, Uppuluri P, Mamouei Z et al. The NDV-3A vaccine protects mice
from multidrug resistant Candida auris i nfection. PLoS Pathog. 2019; 15: 1–
25. e1007460.

08. Schneider J, Mateo E, Marcos-Arias C et al. Antifungal activity of the human
uterine cervical stem cells conditioned medium (hUCESC-CM) against Can-
dida albicans and other medically relevant species of Candida . Front Microbiol.
2018; 9: 1–8. 2818.

09. Chitambar CR. Medical applications and toxicities of gallium compounds. Int
J Environ Res Public Health. 2010; 7: 2337–2361.

10. Antunes LC, Imperi F, Minandri F, Visca P. In vitro and in vivo antimicrobial ac-
tivities of gallium nitrate against multidrug-resistant Acinetobacter baumannii .
Antimicrob Agents Chemother. 2012; 56: 5961–5970.

11. Thompson MG, Truong-Le V, Alamneh YA et al. Evaluation of gallium citrate
formulations against a multidrug-resistant strain of Klebsiella pneumoniae in
a murine wound model of infection. Antimicrob Agents Chemother. 2015; 59:
6484–6493.

12. Richter K, Thomas N, Zhang G et al. Deferiprone and Gallium-protoporphyrin
have the capacity to potentiate the activity of antibiotics in Staphylococcus au-
reus small colony variants. Front Cell Infect Microbiol. 2017; 7: 1–10. 280.

13. Goss CH, Kaneko Y, Khuu L et al. Gallium disrupts bacterial iron metabolism
and has therapeutic effects in mice and humans with lung infections. Sci Transl
Med. 2018; 10: 1–11.

14. Bastos RW, Rossato L, Valero C, Lagrou K, Colombo AL, Goldman GH. Po-
tential of gallium as an antifungal agent. Front. Cell. Infect. Microbiol. 2019; 9:
1–11. 414.

15. Fuchs BB, RajaMuthiah R, Souza AC et al. Inhibition of bacterial and fungal
pathogens by the orphaned drug auranofin. Future Med. Chem. 2016; 8: 117–
132.

16. Wiederhold NP, Patterson TF, Srinivasan A et al. Repurposing auranofin as
an antifungal: in vitro activity against a variety of medically important fungi.
Virulence. 2017; 8: 138–142.



Bandara and Samaranayake 29 

1  

1

1

1  

1  

1

1

1

1  

 

1  

1  

 

1

 

1
 

1

1
 

1  

1  

1  

1

1

1  

1  

1
 

 

1  

 

 

1  

1  

 

 

1  

 

 

1  

 

 

 

1  

 

 

1  

 

1  

 

1  

 

 

1  

 

1  

 

1  

1  

 

1  

 

1  

 

1  

 

 

1  

 

 

1  

 

1  

 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

m
y/article/60/4/m

yac008/6526320 by guest on 22 M
arch 2022
17. Berners-Price SJ, Mirabelli CK, Johnson RK et al. In vivo antitumor activity and
in vitro cytotoxic properties of bis[1,2-bis(diphenylphosphino)ethane]gold(I) 
chloride. Cancer Res. 1986; 46: 5486–5493.

18. Dennis EK, Kim JH, Parkin S, Awuah SG, Garneau-Tsodikova S. Distorted 
gold(i)-phosphine complexes as antifungal agents. J Med Chem. 2020; 63: 
2455–2469.

19. Thangamani S, Maland M, Mohammad H et al. Repurposing approach identi- 
fies auranofin with broad spectrum antifungal activity that targets mia40-erv1 
pathway. Front. Cell. Infect Microbiol. 2017; 7: 1–13. 4.

20. Ullah Khan S, Saleh TA, Wahab A et al. Nanosilver: new ageless and versatile
biomedical therapeutic scaffold. Int J Nanomedicine. 2018; 13: 733–762.

21. Lara HH, Romero-Urbina DG, Pierce C, Lopez-Ribot JL, Arellano-Jiménez MJ,
Jose-Yacaman M. Effect of silver nanoparticles on Candida albicans biofilms: 
an ultrastructural study. J Nanobiotechnology. 2015; 13: 1–12. 91.

22. Romero-Urbina DG, Lara HH, Velázquez-Salazar JJ et al. Ultrastructural 
changes in methicillin-resistant Staphylococcus aureus induced by positively 
charged silver nanoparticles. Beilstein J Nanotechnol. 2015; 6: 2396–2405.

23. Lara HH, Ixtepan-Turrent L, Jose Yacaman M, Lopez-Ribot J. Inhibition of 
Candida auris biofilm formation on medical and environmental surfaces by sil- 
ver nanoparticles. ACS Appl Mater Interfaces. 2020; 12: 21183–21191.

24. Vazquez-Munoz R, Lopez FD, Lopez-Ribot JL. Silver nanoantibiotics display 
strong antifungal activity against the emergent multidrug-resistant yeast Can- 
dida auris under both planktonic and biofilm growing conditions. Front. Mi- 
crobiol. 2020; 11: 1–11. 1673.

25. Hwang IS, Lee J, Hwang JH, Kim KJ, Lee DG. Silver nanoparticles induce apop-
totic cell death in Candida albicans through the increase of hydroxyl radicals.
Febs J. 2012; 279: 1327–1338.

26. Jalal M, Ansari MA, Alzohairy MA et al. Anticandidal activity of biosynthe-
sized silver nanoparticles: effect on growth, cell morphology, and key virulence 
attributes of Candida species. Int J Nanomed. 2019; 14: 4667–4679.

27. Khatoon N, Sharma Y, Sardar M, Manzoor N. Mode of action and anti-
Candida activity of Artemisia annua mediated-synthesized silver nanoparticles.
J Mycol Med. 2019; 29: 201–209.

28. Vazquez-Munoz R, Arellano-Jimenez MJ, Lopez-Ribot JL. Bismuth nanoparti- 
cles obtained by a facile synthesis method exhibit antimicrobial activity against 
Staphylococcus aureus and Candida albicans . BMC Biomed Eng. 2020; 2: 1–12.
11.

29. Vazquez-Munoz R, Lopez FD, Lopez-Ribot JL. Bismuth nanoantibiotics display 
anticandidal activity and disrupt the biofilm and cell morphology of the emer-
gent pathogenic yeast Candida auris . Antibiotics (Basel, Switzerland). 2020; 9: 
1–15.

30. Dlugaszewska J, Dobrucka R. Effectiveness of biosynthesized trimetallic 
AU/PT/AG nanoparticles on planktonic and biofilm Enterococcus faecalis and 
Enterococcus faecium forms. J Cluster Sci. 2019; 30: 1091–1101.

31. Kamli MR, Srivastava V, Hajrah NH et al. Facile bio-fabrication of AG-CU- 
CO trimetallic nanoparticles and its fungicidal activity against Candida auris .
J Fungi 2021; 7: 1–21. 62.

32. Akbik D, Ghadiri M, Chrzanowski W, Rohanizadeh R. Curcumin as a wound
healing agent. Life Sci. 2014; 116: 1–7.

33. Song Z, Wu Y, Wang H, Han H. Synergistic antibacterial effects of curcumin
modified silver nanoparticles through ROS-mediated pathways. Mater Sci Eng 
C Mater Biol Appl. 2019; 99: 255–263.

34. Gupta A, Briffa SM, Swingler S et al. Synthesis of silver nanoparticles us-
ing curcumin-cyclodextrins loaded into bacterial cellulose-based hydrogels for 
wound dressing applications. Biomacromolecules. 2020; 21: 1802–1811.

35. Friedman A, Friedman J. New biomaterials for the sustained release of nitric 
oxide: past, present and future. Expert Opin Drug Deliv. 2009; 6: 1113–1122.

36. De Groote MA, Fang FC. NO inhibitions: antimicrobial properties of nitric 
oxide. Clin Infect Dis. 1995; 21 Suppl 2: S162–S165.

37. Jones-Carson J, Vazquez-Torres A, van der Heyde HC, Warner T, Wagner RD,
Balish E. Gamma delta T cell-induced nitric oxide production enhances resis- 
tance to mucosal candidiasis. Nat Med. 1995; 1: 552–557.

38. Cleare LG, Li KL, Abuzeid WM, Nacharaju P, Friedman JM, Nosanchuk JD.
NO Candida auris : nitric oxide in nanotherapeutics to combat emerging fungal 
pathogen Candida auris . J Fungi 2020; 6: 1–13. 85.

39. Ahmadi MS, Lee HH, Sanchez DA et al. Sustained nitric oxide-releasing 
nanoparticles induce cell death in Candida albicans yeast and hyphal cells, pre-
venting biofilm formation in vitro and in a rodent central venous catheter model.
Antimicrob Agents Chemother. 2016; 60: 2185–2194.

40. Mohammad H, Eldesouky HE, Hazbun T, Mayhoub AS, Seleem MN. Identifi-
cation of a phenylthiazole small molecule with dual antifungal and antibiofilm
activity against Candida albicans and Candida auris . Sci Rep. 2019; 9: 1–12.
18941.

41. Hagras M, Salama EA, Sayed AM et al. Oxadiazolylthiazoles as novel and se-
lective antifungal agents. Eur J Med Chem. 2020; 189: 1–10. 112046.

42. Tetz G, Collins M, Vikina D, Tetz V. In vitro activity of a novel antifungal com-
pound, MYC-053, against clinically significant antifungal-resistant strains of
Candida glabrata, Candida auris, Cryptococcus neoformans , and Pneumocystis
spp . Antimicrob Agents Chemother. 2019; 63: e01975–18.

43. Break TJ, Desai JV, Healey KR et al. VT-1598 inhibits the in vitro growth of mu-
cosal Candida strains and protects against fluconazole-susceptible and -resistant
oral candidiasis in IL-17 signalling-deficient mice. J. Antimicrob. Chemother.
2018; 73: 2089–2094.

44. Wiederhold NP, Patterson HP, Tran BH, Yates CM, Schotzinger RJ, Gar-
vey EP. Fungal-specific CYP51 inhibitor VT-1598 demonstrates in vitro ac-
tivity against Candida and Cryptococcus species, endemic fungi, including
Coccidioides species, Aspergillus species and Rhizopus arrhizus . J Antimicrob
Chemother. 2018; 73: 404–408.

45. Garvey EP, Sharp AD, Warn PA, Yates CM, Schotzinger RJ. The novel fungal
CYP51 inhibitor VT-1598 is efficacious alone and in combination with liposo-
mal amphotericin B in a murine model of cryptococcal meningitis. J Antimicrob
Chemother. 2018; 73: 2815–2822.

46. Wiederhold NP, Lockhart SR, Najvar LK et al. The fungal CYP51-specific in-
hibitor VT-1598 demonstrates in vitro and in vivo activity against Candida au-
ris . Antimicrob Agents Chemother. 2019; 63: e02233–18.

47. Yates CM, Garvey EP, Shaver SR, Schotzinger RJ, Hoekstra WJ. Design and op-
timization of highly-selective, broad spectrum fungal CYP51 inhibitors. Bioorg
Med Chem Lett. 2017; 27: 3243–3248.

48. Hargrove TY, Garvey EP, Hoekstra WJ et al. Crystal structure of the new inves-
tigational drug candidate VT-1598 in complex with Aspergillus fumigatus sterol
14 α-demethylase provides insights into its broad-spectrum antifungal activity.
Antimicrob Agents Chemother. 2017; 61: e00570–17.

49. Wiederhold NP, Najvar LK, Jaramillo R et al. The novel arylamidine T-2307
demonstrates in vitro and in vivo activity against Candida auris . Antimicrob
Agents Chemother 2020; 64: e02198–19.

50. Shibata T, Takahashi T, Yamada E et al. T-2307 causes collapse of mitochon-
drial membrane potential in yeast. Antimicrob Agents Chemother. 2012; 56:
5892–5897.

51. Edouarzin E, Horn C, Paudyal A et al. Broad-spectrum antifungal activities and
mechanism of drimane sesquiterpenoids. Microbial Cell. 2020; 7: 146–159.

52. Argomedo LMZ, Barroso VM, Barreiro CS, Darbem MP, Ishida K, Stefani HA.
Novel 2-aryloxazoline compounds exhibit an inhibitory effect on Candida spp .,
including antifungal-resistant isolates. ACS Med Chem Lett. 2020; 11: 2470–
2475.

53. Soliman S, Mohammad MG, El-Keblawy AA et al. Mechanical and phytochem-
ical protection mechanisms of Calligonum comosum in arid deserts. PLoS One
2018; 13: 1–15. e0192576.

54. Hamdy R, Fayed B, Hamoda AM, Rawas-Qalaji M, Haider M, Soliman SSM.
Essential oil-based design and development of novel anti- Candida azoles for-
mulation. Molecules. 2020; 25: 1–17. 1463.

55. Orofino F, Truglio GI, Fiorucci D et al. In vitro characterization, ADME analy-
sis, and histological and toxicological evaluation of BM1, a macrocyclic amidi-
nourea active against azole-resistant Candida strains. Int J Antimicrob Agents.
2020; 55: 1–8. 105865.

56. Thamban Chandrika N, Dennis EK, Brubaker KR, Kwiatkowski S, Watt
DS, Garneau-Tsodikova S. Broad-spectrum antifungal agents: fluorinated
aryl- and heteroaryl-substituted hydrazones. ChemMedChem. 2021; 16:
124–133.

57. Garcia MD, Chua SMH, Low YS et al. Commercial AHAS-inhibiting herbicides
are promising drug leads for the treatment of human fungal pathogenic infec-
tions. Proc Natl Acad Sci USA. 2018; 115: E9649–e9658.

58. Agnew-Francis KA, Tang Y, Lin X et al. Herbicides that target acetohydroxyacid
synthase are potent inhibitors of the growth of drug-resistant Candida auris .
ACS Infect Dis. 2020; 6: 2901–2912.



30 Medical Mycology , 2022, Vol. 60, No. 00 

1

1

1

1  

 

1  

 

1  

1  

 

1  

1  

1  

1

1  

1  

1  

 

1

 

1

1  

1

1  

1  

1  

 

1  

 

1  

1

1  

 

1  

1  

1  

 

1  

1  

 

1  

 

1  

1  

 

 

1  

 

1  

1  

 

1  

 

 

1  

 

1  

 

 

1  

 

 

1  

 

 

2  

 

 

 

2  

 

 

2  

 

2  

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

m
y/article/60/4/m

yac008/6526320 by guest on 22 M
arch 2022
59. Environmental-Protection-Agency. Bensulfuron methyl (methyl-2[[[[[(4,6- 
dimethoxy-pyrimidin2-yl) amino] carbonyl] amino] sulfonyl] methyl] ben- 
zoate; pesticide tolerance. Fed Regist. 1998; 63: 9430–9435.

60. Bandara HMHN, Lam OL, Jin LJ, Samaranayake L. Microbial chemical signal- 
ing: a current perspective. Crit Rev Microbiol. 2012; 38: 217–249.

61. Bandara HMHN, Hewavitharana AK, Shaw PN, Smyth HDC, Samaranayake 
LP. A novel, quorum sensor-infused liposomal drug delivery system suppresses 
Candida albicans biofilms. Int J Pharm. 2020; 578: 1–12. 119096.

62. Bandara HMHN, Herpin MJ, Kolacny D Jr, Harb A, Romanovicz D, Smyth
HD. Incorporation of farnesol significantly increases the efficacy of liposomal 
ciprofloxacin against Pseudomonas aeruginosa biofilms in vitro . Mol Pharm.
2016; 13: 2760–2770.

63. Mehmood A, Liu G, Wang X, Meng G, Wang C, Liu Y. Fungal quorum-sensing
molecules and inhibitors with potential antifungal activity: a review. Molecules.
2019; 24: 1–18. 1950.

64. Hornby JM, Jensen EC, Lisec AD et al. Quorum sensing in the dimorphic fungus
Candida albicans is mediated by farnesol. Appl Environ Microbiol. 2001; 67: 
2982–2992.

65. Jabra-Rizk MA, Shirtliff M, James C, Meiller T. Effect of farnesol on Can-
dida dubliniensis biofilm formation and fluconazole resistance. FEMS Yeast Res.
2006; 6: 1063–1073.

66. Henriques M, Martins M, Azeredo J, Oliveira R. Effect of farnesol on Candida
dubliniensis morphogenesis. Lett Appl Microbiol. 2007; 44: 199–205.

67. Nagy F, Vitális E, Jakab Á et al. In vitro and in vivo effect of exogenous farnesol
exposure against Candida auris . Front Microbiol. 2020; 11: 1–12. 957.

68. Nagy F, Tóth Z, Daróczi L et al. Farnesol increases the activity of echinocandins
against Candida auris biofilms. Med Mycol. 2020; 58: 404–407.

69. Srivastava V, Ahmad A. Abrogation of pathogenic attributes in drug resistant 
Candida auris strains by farnesol. PLoS One. 2020; 15: 1–18. e0233102.

70. Shirtliff ME, Krom BP, Meijering RA et al. Farnesol-induced apoptosis in Can-
dida albicans . Antimicrob Agents Chemother. 2009; 53: 2392–2401.

71. Kong M, Chen XG, Xing K, Park HJ. Antimicrobial properties of chitosan and
mode of action: a state of the art review. Int J Food Microbiol. 2010; 144: 51–
63.

72. Arias LS, Butcher MC, Short B et al. Chitosan ameliorates Candida auris viru-
lence in a Galleria mellonella infection model. Antimicrob Agents Chemother.
2020; 64: e00476–20.

73. Philip N, Leishman SJ, Bandara HMHN, Walsh LJ. Polyphenol-rich cranberry 
extracts modulate virulence of Streptococcus mutans-Candida albicans biofilms 
implicated in the pathogenesis of early childhood caries. Pediatr Dent. 2019; 41:
56–62.

74. Philip N, Bandara HMHN, Leishman SJ, Walsh LJ. Effect of polyphenol-rich 
cranberry extracts on cariogenic biofilm properties and microbial composition 
of polymicrobial biofilms. Arch Oral Biol. 2019; 102: 1–6.

75. Wang Y, Bandara HMHN, Mikkelsen D, Samaranayake LP. Effects of tea ex-
tracts on the colonization behaviour of Candida species: attachment inhibition 
and biofilm enhancement. J Med Microbiol. 2017; 66: 1244–1252.

76. Tsang PW, Bandara HMHN, Fong WP. Purpurin suppresses Candida albicans 
biofilm formation and hyphal development. PLoS One. 2012; 7: 1–8. e50866.

77. Arif T, Bhosale JD, Kumar N et al. Natural products–antifungal agents derived
from plants. J Asian Nat Prod Res. 2009; 11: 621–638.

78. Martins N, Barros L, Henriques M, Silva S, Ferreira ICFR. Activity of phenolic
compounds from plant origin against Candida species. Ind Crops Prod. 2015; 
74: 648–670.

79. Liu J, Li Q, Wang C et al. Antifungal evaluation of traditional herbal monomers
and their potential for inducing cell wall remodeling in Candida albicans and
Candida auris . Biofouling. 2020; 36: 319–331.

80. Da W, Shao J, Li Q et al. Physical interaction of sodium houttuyfonate with
β-1,3-glucan evokes Candida albicans cell wall remodeling. Front. Microbiol.
2019; 10: 1–9. 34.

81. Carvalho PCL, de Sa NP, Lacerda ICA et al. Anti- Candida activity of cinnamon
inhibition of virulence factors of clinical strains of Candida albicans by essential 
oil of Cinnamomum zeylanicum . PSM Microbiol. 2018; 3: 4–12.

82. Tran HNH, Graham L, Adukwu EC. In vitro antifungal activity of 
Cinnamomum zeylanicum bark and leaf essential oils against Candida 
albicans and Candida auris . Appl Microbiol Biotechnol. 2020; 104: 
8911–8924.
83. Huang B, Liu J, Fu S et al. α-Cyperone attenuates H 2 O 2 -induced oxidative
stress and apoptosis in SH-SY5Y cells via activation of NRF2. Front. Pharma-
col. 2020; 11: 1–10. 281.

84. Horn C, Vediyappan G. Anticapsular and antifungal activity of α-cyperone.
Antibiotics. 2021; 10: 1–10. 51.

85. Kim HR, Eom YB. Antifungal and anti-biofilm effects of 6-shogaol against
Candida auris . J Appl Microbiol. 2020; 130: 1142–1153.

86. McGregor RC, Parker KA, Hornby JM, LCt Latta. Microbial population dy-
namics under microdoses of the essential oil arborvitae. BMC Complement.
Alternative Med. 2019; 19: 1–9. 247.

87. Nolan VC, Harrison J, Cox JAG. Dissecting the antimicrobial composition of
honey. Antibiotics 2019; 8: 1–16. 251.

88. Hermanns R, Cremers NAJ, Leeming JP, van der Werf ET. Sweet relief: deter-
mining the antimicrobial activity of medical grade honey against vaginal isolates
of Candida albicans . J. Fungi. 2019; 5: 1–8. 85.

89. de Groot T, Janssen T, Faro D, Cremers NAJ, Chowdhary A, Meis JF. Antifungal
activity of a medical-grade honey formulation against Candida auris . J Fungi
2021; 7: 1–10. 50.

90. Matsubara VH, Bandara HM, Mayer MP, Samaranayake LP. Probiotics as an-
tifungals in mucosal candidiasis. Clin Infect Dis. 2016; 62: 1143–1153.

91. Matsubara VH, Wang Y, Bandara H, Mayer MPA, Samaranayake LP. Probiotic
lactobacilli inhibit early stages of Candida albicans biofilm development by re-
ducing their growth, cell adhesion, and filamentation. Appl Microbiol Biotech-
nol. 2016; 100: 6415–6426.

92. Rossoni RD, de Barros PP, Mendonça IDC et al. The postbiotic activity of Lac-
tobacillus paracasei 28.4 against Candida auris . Front Cell Infect Microbiol.
2020; 10: 1–15. 397.

93. Kunyeit L, Kurrey NK, Anu-Appaiah KA, Rao RP. Probiotic yeasts inhibit vir-
ulence of non- albicans Candida species. mBio 2019; 10: e02307–19.

94. Kumar S, Bansal A, Chakrabarti A, Singhi S. Evaluation of efficacy of probiotics
in prevention of Candida colonization in a PICU-a randomized controlled trial.
Crit Care Med. 2013; 41: 565–572.

95. Pfaller MA, Messer SA, Motyl MR, Jones RN, Castanheira M. Activity of MK-
3118, a new oral glucan synthase inhibitor, tested against Candida spp . by two
international methods (CLSI and EUCAST). J Antimicrob Chemother. 2013; 68:
858–863.

96. Berkow EL, Angulo D, Lockhart SR. In vitro activity of a novel glucan synthase
inhibitor, SCY-078, against clinical isolates of Candida auris . Antimicrob Agents
Chemother. 2017; 61: e00435–17.

97. Zhu YC, Barat SA, Borroto-Esoda K, Angulo D, Chaturvedi S, Chaturvedi V.
Pan-resistant Candida auris isolates from the outbreak in New York are sus-
ceptible to ibrexafungerp (a glucan synthase inhibitor). Int J Antimicrob Agents.
2020; 55: 1–2. 105922.

98. Larkin E, Hager C, Chandra J et al. The emerging pathogen Candida auris :
growth phenotype, virulence factors, activity of antifungals, and effect of SCY-
078, a novel glucan synthesis inhibitor, on growth morphology and biofilm for-
mation. Antimicrob Agents Chemother. 2017; 61: e02396–16.

99. Jiménez-Ortigosa C, Paderu P, Motyl MR, Perlin DS. Enfumafungin deriva-
tive MK-3118 shows increased in vitro potency against clinical echinocandin-
resistant Candida species and Aspergillus species isolates. Antimicrob Agents
Chemother. 2014; 58: 1248–1251.

00. Arendrup MC, Jørgensen KM, Hare RK, Chowdhary A. In vitro activity of
ibrexafungerp (SCY-078) against Candida auris isolates as determined by EU-
CAST methodology and comparison with activity against C. albicans and C.
glabrata and with the activities of six comparator agents. Antimicrob Agents
Chemother. 2020; 64: e02136–19.

01. Wring SA, Randolph R, Park S et al. Preclinical pharmacokinetics and phar-
macodynamic target of SCY-078, a first-in-class orally active antifungal glucan
synthesis inhibitor, in murine models of disseminated candidiasis. Antimicrob
Agents Chemother. 2017; 61: e02068–16.

02. Ghannoum M, Isham N, Angulo D, Borroto-Esoda K, Barat S, Long L. Efficacy
of ibrexafungerp (SCY-078) against Candida auris in an in vivo guinea pig cu-
taneous infection model. Antimicrob Agents Chemother. 2020; 64: e00854–20.

03. NIH-NLM. Phase 3 study of oral ibrexafungerp (SCY-078) vs. placebo in
subjects with recurrent vulvovaginal candidiasis (VVC) (CANDLE). Updated
25/09/2020. Accessed 27 January, 2021. https://clinicaltrials.gov/ct2/show/
NCT04029116 .

https://clinicaltrials.gov/ct2/show/NCT04029116


Bandara and Samaranayake 31 

2  

2  

2
 

 

2  

2  

2
 

2

2  

2  

2  

 

2  

2

2

2

2  

 

2

2  

2  

2

2

2  

 

2  

 

 

2  

 

2  

 

2  

 

2  

 

2  

 

2  

 

2  

 

2  

 

 

2  

 

2  

 

2  

 

 

2  

2  

2  

 

2  

 

2  

 

2  

 

 

2  

2  

 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

m
y/article/60/4/m

yac008/6526320 by guest on 22 M
arch 2022
04. Chu S, Long L, Sherif R et al. A second generation fungerp analog SCY-
247, shows potent in vitro activity against Candida auris and other clin- 
ically relevant fungal isolates. Antimicrob Agents Chemother. 2020; 65: 
e01988–20.

05. Watanabe NA, Miyazaki M, Horii T, Sagane K, Tsukahara K, Hata K. E1210, a
new broad-spectrum antifungal, suppresses Candida albicans hyphal growth 
through inhibition of glycosylphosphatidylinositol biosynthesis. Antimicrob 
Agents Chemother. 2012; 56: 960–971.

06. Orlean P, Menon AK. Thematic review series: lipid posttranslational modifi- 
cations. GPI anchoring of protein in yeast and mammalian cells, or: how we
learned to stop worrying and love glycophospholipids. J Lipid Res. 2007; 48:
993–1011.

07. McLellan CA, Whitesell L, King OD, Lancaster AK, Mazitschek R, Lindquist S.
Inhibiting GPI anchor biosynthesis in fungi stresses the endoplasmic reticulum 

and enhances immunogenicity. ACS Chem Biol. 2012; 7: 1520–1528.
08. Hager CL, Larkin EL, Long L, Zohra Abidi F, Shaw KJ, Ghannoum MA. In

vitro and in vivo evaluation of the antifungal activity of APX001A/APX001 
against Candida auris . Antimicrob Agents Chemother. 2018; 62: e02319–17.

09. Berkow EL, Lockhart SR. Activity of novel antifungal compound APX001A 
against a large collection of Candida auris . J Antimicrob Chemother. 2018; 73:
3060–3062.

10. Arendrup MC, Chowdhary A, Astvad KMT, Jørgensen KM. APX001A in vitro 
activity against contemporary blood isolates and Candida auris determined 
by the EUCAST reference method. Antimicrob Agents Chemother. 2018; 62: 
e01225–18.

11. Zhao M, Lepak AJ, VanScoy B et al. In vivo pharmacokinetics and phar-
macodynamics of APX001 against Candida spp . in a neutropenic dissem- 
inated candidiasis mouse model. Antimicrob Agents Chemother 2018; 62: 
e02542–17.

12. Ong V, Hough G, Schlosser M et al. Preclinical evaluation of the stability, safety,
and efficacy of CD101, a novel echinocandin. Antimicrob Agents Chemother 
2016; 60: 6872–6879.

13. Ong V, James KD, Smith S, Krishnan BR. Pharmacokinetics of the novel
echinocandin CD101 in multiple animal species. Antimicrob Agents Chemother.
2017; 61: e01626–16.

14. Sandison T, Ong V, Lee J, Thye D. Safety and pharmacokinetics of CD101 IV,
a novel echinocandin, in healthy adults. Antimicrob Agents Chemother. 2017; 
61: e01627–16.

15. Pfaller MA, Messer SA, Rhomberg PR, Castanheira M. Activity of a long-acting 
echinocandin (CD101) and seven comparator antifungal agents tested against 
a global collection of contemporary invasive fungal isolates in the SENTRY 
2014 antifungal surveillance program. Antimicrob Agents Chemother. 2017; 
61: e02045–16.

16. Pfaller MA, Messer SA, Rhomberg PR, Castanheira M. CD101, a long-acting 
echinocandin, and comparator antifungal agents tested against a global collec- 
tion of invasive fungal isolates in the SENTRY 2015 antifungal surveillance 
program. Int J Antimicrob Agents. 2017; 50: 352–358.

17. Zhao Y, Perez WB, Jiménez-Ortigosa C et al. CD101: a novel long-acting 
echinocandin. Cell Microbiol. 2016; 18: 1308–1316.

18. Berkow EL, Lockhart SR. Activity of CD101, a long-acting echinocandin,
against clinical isolates of Candida auris . Diagn Microbiol Infect Dis. 2018;
90: 196–197.

19. Perlin DS. Mechanisms of echinocandin antifungal drug resistance. Ann N Y 
Acad Sci. 2015; 1354: 1–11.

20. Helleberg M, Jørgensen KM, Hare RK, Datcu R, Chowdhary A, Arendrup MC.
Rezafungin in vitro activity against contemporary nordic clinical Candida iso- 
lates and Candida auris determined by the EUCAST reference method. Antimi- 
crob Agents Chemother. 2020; 64: e02438–19.

21. Tóth Z, Forgács L, Locke JB et al. In vitro activity of rezafungin against com-
mon and rare Candida species and Saccharomyces cerevisiae . J Antimicrob 
Chemother. 2019; 74: 3505–3510.

22. Hager CL, Larkin EL, Long LA, Ghannoum MA. Evaluation of the efficacy 
of rezafungin, a novel echinocandin, in the treatment of disseminated Can- 
dida auris infection using an immunocompromised mouse model. J Antimicrob 
Chemother. 2018; 73: 2085–2088.

23. Lepak AJ, Zhao M, Andes DR. Pharmacodynamic evaluation of Rezafungin 
(CD101) against Candida auris in the neutropenic mouse invasive candidiasis 
model. Antimicrob Agents Chemother. 2018; 62: e01572–18.
24. Rudramurthy SM, Colley T, Abdolrasouli A et al. In vitro antifungal activity of a
novel topical triazole PC945 against emerging yeast Candida auris . J Antimicrob
Chemother. 2019; 74: 2943–2949.

25. Wall G, Chaturvedi AK, Wormley FL, Jr. et al. Screening a repurposing li-
brary for inhibitors of multidrug-resistant Candida auris identifies ebselen as a
repositionable candidate for antifungal drug development. Antimicrob Agents
Chemother. 2018; 62: e01084–18.

26. Imai H, Masayasu H, Dewar D, Graham DI, Macrae IM. Ebselen protects both
gray and white matter in a rodent model of focal cerebral ischemia. Stroke.
2001; 32: 2149–2154.

27. Masumoto H, Hashimoto K, Hakusui H et al. Studies on the pharmacokinetics
of ebselen in rats (1): absorption, distribution, metabolism and excretion after
single oral administration. Drug Metab Pharmacokinet. 1997; 12: 596–609.

28. Thangamani S, Eldesouky HE, Mohammad H et al. Ebselen exerts antifungal
activity by regulating glutathione (GSH) and reactive oxygen species (ROS) pro-
duction in fungal cells. Biochim Biophys Acta Gen Subj. 2017; 1861: 3002–
3010.

29. Azad GK, Singh V, Mandal P et al. Ebselen induces reactive oxygen species
(ROS)-mediated cytotoxicity in Saccharomyces cerevisiae with inhibition of glu-
tamate dehydrogenase being a target. FEBS Open Bio. 2014; 4: 77–89.

30. de Oliveira HC, Monteiro MC, Rossi SA et al. Identification of off-patent com-
pounds that present antifungal activity against the emerging fungal pathogen
Candida auris . Front Cell Infect Microbiol 2019; 9: 1–10. 83.

31. Wall G, Herrera N, Lopez-Ribot JL. Repositionable compounds with antifungal
activity against multidrug resistant Candida auris identified in the medicines for
malaria venture’s pathogen box. J Fungi 2019; 5: 1–17. 92.

32. Wall G, Chen E, Hull MV, Lopez-Ribot JL. Screening the CALIBR ReFRAME
library in search for inhibitors of Candida auris biofilm formation. Front Cell
Infect Microb. 2020; 10: 1–8. 597931.

33. Garcia C, Burgain A, Chaillot J, Pic É, Khemiri I, Sellam A. A phenotypic small-
molecule screen identifies halogenated salicylanilides as inhibitors of fungal
morphogenesis, biofilm formation and host cell invasion. Sci Rep 2018; 8: 1–15.
11559.

34. Hao W, Qiao D, Han Y et al. Identification of disulfiram as a potential antifun-
gal drug by screening small molecular libraries. J Infect Chemother. 2020; 27:
696–701.

35. Gowri M, Jayashree B, Jeyakanthan J, Girija EK. Sertraline as a promising an-
tifungal agent: inhibition of growth and biofilm of Candida auris with special
focus on the mechanism of action in vitro . J Appl Microbiol. 2020; 128: 426–
437.

36. Costa Silva RA, da Silva CR, de Andrade Neto JB et al. In vitro anti- Candida
activity of selective serotonin reuptake inhibitors against fluconazole-resistant
strains and their activity against biofilm-forming isolates. Microb Pathog. 2017;
107: 341–348.

37. Doughty-Shenton D, Joseph JD, Zhang J et al. Pharmacological targeting of the
mitochondrial phosphatase PTPMT1. J Pharmacol Exp Ther. 2010; 333: 584–
592.

38. Mamouei Z, Alqarihi A, Singh S et al. Alexidine dihydrochloride has broad-
spectrum activities against diverse fungal pathogens. mSphere. 2018; 3: e00539–
18.

39. Kim HS, Woo Chang S, Baek SH et al. Antimicrobial effect of alexidine and
chlorhexidine against Enterococcus faecalis infection. Int J Oral Sci. 2013; 5:
26–31.

40. Ruiz-Linares M, Aguado-Pérez B, Baca P, Arias-Moliz MT, Ferrer-Luque CM.
Efficacy of antimicrobial solutions against polymicrobial root canal biofilm. Int
Endod J. 2017; 50: 77–83.

41. Barrios R, Ferrer-Luque CM, Arias-Moliz MT, Ruiz-Linares M, Bravo M, Baca
P. Antimicrobial substantivity of alexidine and chlorhexidine in dentin. J Endod.
2013; 39: 1413–1415.

42. Montoya MC, Beattie S, Alden KM, Krysan DJ. Derivatives of the antimalar-
ial drug mefloquine are broad-spectrum antifungal molecules with activity
against drug-resistant clinical isolates. Antimicrob Agents Chemother. 2020; 64:
e02331–19.

43. Kunin CM, Ellis WY. Antimicrobial activities of mefloquine and a series of re-
lated compounds. Antimicrob Agents Chemother. 2000; 44: 848–852.

44. Mathur P, Hasan F, Singh PK, Malhotra R, Walia K, Chowdhary A. Five-year
profile of candidaemia at an Indian trauma centre: high rates of Candida auris
blood stream infections. Mycoses. 2018; 61: 674–680.


	Introduction
	C. auris antifungal resistance
	Antimicrobial combination therapy
	Antifungal combinations
	Antifungal and antibiotic combinations
	Antifungal and non-antimicrobial drug combinations
	Antifungal and antiseptic combinations
	Antifungal and miscellaneous drug combinations

	Antimicrobial peptides
	PepBiotics
	Lipopeptide -AF4
	Cm-p5
	Crotamine
	&#x03B8; defensins
	Histatin 5
	Ceragenins

	Immunotherapy
	Anti-CR3-RP polyclonal antibody
	Antibodies against agglutinin-like sequence-3 (Als3p)
	Interleukins

	Metals and nanoparticles
	Gallium
	Distorted gold(I)−phosphine complexes
	Silver nanoparticles
	Bismuth nanoparticles
	Trimetallic nanoparticles
	Silver nanoparticles and curcumin
	Nanoparticle and nitric oxide (NO) combinations

	Miscellaneous drugs and compounds
	Phenylthiazole family
	MYC-053
	VT-1598
	Arylamidine T-2307
	Drimenol
	2-Aryloxazoline derivatives
	Cuminaldehyde derivative
	Amidinourease compounds
	Aryl- and heteroaryl-substituted hydrazones
	Acetohydroxyacid synthase inhibitors

	Natural compounds
	Quorum sensing molecules (QSMs) - Farnesol
	Chitosan
	Plant products
	Bee honey
	Probiotics

	Novel compounds with antifungal properties
	‘Fungerp’ group of antifungal agents
	Fosmanogepix or APX001/APX001A
	New echinocandin agents - Rezafungin (CD101)
	Novel azole antifungal agents -PC9454
	Novel candidate agents - Ebselen
	Novel candidate agents - Miltefosine and Iodoquinol
	Novel candidate agents - Suloctidil
	Novel candidate agents - Niclosamide and Halogenated Salicylanilide

	Repurposed drugs
	Sertraline
	Alexidine dihydrochloride
	Mefloquine derivatives

	Perspectives and concluding remarks
	Funding 
	Author contribution
	Declaration of interest

	References

