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Abstract

Purpose of Review The global emergence of antifungal resistance among Candida spp. and Aspergillus spp. is a growing threat to
public health, driven largely by the expanding use of antifungals in both the clinical and agricultural settings. As treatment options
remain limited, understanding mechanisms and risk factors for antifungal resistance is essential to retaining their clinical utility.
Recent Findings Invasive candidiasis is increasingly caused by non-albicans Candida species with reduced susceptibility to first-
line antifungals, making empiric treatment decisions difficult. Echinocandin resistance in C. glabrata is increasing at some high-
risk centers, and multi-drug-resistant isolates are increasingly encountered. Of large concern is the rapid and global emergence of
C. auris, a species associated with a high propensity for developing multi-drug resistance and nosocomial transmission. Azole
resistance is now becoming more common in Aspergillus isolates as well, with breakthrough infections occurring in patients
previously managed with azoles antifungals. The appearance of azole-resistant Aspergillus isolates in azole-naive patients is also
concerning, given it is now accepted that this may be due to the use of non-human azole compounds in pesticides.

Summary Due to the climbing use of antifungals in both the clinical and agricultural sectors, the frequency of encounters with
antifungal-resistant isolates will undoubtedly rise in parallel. Antifungal stewardship will need to become a new priority for
antimicrobial stewardship programs in order to preserve our current selection of antifungal agents. Rapid diagnostics may help

stewardship efforts by decreasing the time it takes to determine if an antifungal agent is indicated for a patient.
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Introduction

Antimicrobial-resistant microorganisms, including fungi, are
increasingly common. While this is a well-recognized
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problem, the majority of public attention and antimicrobial
research and development has been focused on multi-drug-
resistant bacteria, perhaps to the detriment of antifungal resis-
tance. Mortality rates due to invasive fungal infections are
often 50% or higher, particularly in the setting of antifungal
resistance; therefore it is imperative to have a greater under-
standing on the emergence of resistance and lack of available
treatment options [1, 2]. Due to their frequent empiric use in
critically ill patients, routine prophylactic use, and widespread
use of antifungal-based pesticides, the problem of antifungal
resistance is likely to worsen significantly [3]. The worldwide
emergence of Candida auris and resultant morbidity and mor-
tality highlights this critical point [4]. As antifungal resistance
is becoming increasingly common and relevant to clinicians, it
is important to frequently review the current literature to in-
form the medical community of new findings and data.
Therefore, we performed a comprehensive literature review
to provide an update on the epidemiology and resistance
mechanisms against azoles and echinocandins in Candida
and Aspergillus species.
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Epidemiology of Candida and Aspergillus Resistance
to Azole Antifungals

Candida Resistance

Azole antifungal agents have been a mainstay of therapy
for over 50 years; therefore, it is not surprising that with
such a pedigree of clinical use, we are now combating the
issue of emerging resistance. Candida albicans has
remained the most common cause of invasive candidiasis
(IC) in the USA, followed by C. glabrata,
C. parapsilosis, and C. tropicalis [5]. Compared with
the late 1990s, the frequency of IC due to non-albicans
species has increased in comparison to IC due to
C. albicans [5]. Large-scale antimicrobial surveillance
studies, such as those produced by SENTRY, have found
that North America has the highest rate of IC due to
C. glabrata (24.6%), and the lowest rate of IC due to
C. albicans (42.7%) compared with other geographical
regions of the world. Furthermore, smaller surveillance
studies and single-center reports have found infections
due to C. glabrata now exceed those of C. albicans in
some populations. The proportion of IC due to
C. albicans/non-albicans is significantly different in the
USA (37/63, 35/65) compared with several other regions
of the world except for Latin America (38/62) and Brazil
(34/66). Interestingly, the proportion is flipped in Canada
(62/38), although the data is older (2003-2005) [6]. Due
to these trends of increased IC due to non-albicans spe-
cies, the emergence of resistance is of higher concern.
Several surveillance population-based studies have shown
increasing rates of fluconazole resistance in non-albicans
species. In a Danish surveillance study, an increase in
azole resistance was observed in 2012-2015 compared
with 2008-2011 and 2004-2007 with a total of 60.6%
of isolates being susceptible to azoles, compared with
65.2% and 68.5% respectively. In this study, the rates of
non-susceptibility were mainly driven by C. glabrata, in
which 9.1% of isolates were resistant [7]. Worldwide
trends in the SENTRY program for fluconazole resistance
for C. albicans (0.3%) has remained low in comparison to
a relatively high rate of 8.1% for C. glabrata. Resistance
rates for C. tropicalis (3.2%) and C. parapsilosis (3.9%)
fall into the mid-range for resistance and differ by each
region. Resistance rates have worsened over the past de-
cade for C. glabrata and C. parapsilosis. The highest
resistance rates for C. glabrata were observed in North
America (10.6%) followed by the Asia-Pacific (6.8%),
Europe (4.9%), and Latin America (2.6%). Contrasting
with C. glabrata resistance, C. parapsilosis resistance to
fluconazole is higher in Europe (4.6%) and Latin America
(4.3%) compared with North America (3.7%) and Asia-
Pacific (0.6%) [5].
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Emergence of Candida Auris

Very recently, a non-albicans Candida species, C. auris has
caused great concern in the medical community. Due to its
ability to spread rapidly throughout critically ill patients and
intensive care units, C. auris represents a new obstacle for
infectious diseases practitioners and infection control special-
ists [8]. C. auris possesses several characteristics that increase
its risk of becoming global threat. Multi-drug resistance is
common for C. auris with differing resistance patterns
throughout the world. In a study out of 350 isolates in India,
90% of isolates were resistant to fluconazole, 8% to
amphotericin B, 2% to anidulafungin, and 2% to micafungin
[9]. A separate study (n =54 isolates) from Africa, Asia, and
South America reported higher resistance rates with 93% re-
sistance to fluconazole, 35% to amphotericin B, and 7% to
echinocandins. Resistance to two antifungal agents was ob-
served in 41% of isolates as well, increasing the concern re-
garding the tendency for C. auris to exhibit multi-drug-
resistant properties [10]. In the USA, 90% of the reported
C. auris isolates have been reported to have the resistance to
fluconazole, 30% to amphotericin B, and 5% to echinocandins
[11]. However, the prevalence of C. auris has been difficult to
characterize until more recently. Initially, C. auris was rarely
isolated in the SENTRY study, with 6 isolates being recorded
from 2006 to 2016 and the first isolate not appearing until
2009 [5]. Contrasting with SENTRY data, a study in India
isolated C. auris from approximately 70% of ICUs and
accounted it for 5% of Candida bloodstream infections [12].
In a study from Kuwait, the occurrence of C. auris speciation
from blood isolates increased from 0.5% in 2014 to 3.4% in
2017 [13]. More recently, data from the CDC have emerged
that demonstrated an increase in C. auris clinical cases in the
USA. As of June 2019, there have been 725 confirmed cases
of C. auris in 12 states, with another 30 probable cases. In
addition, patient screening efforts have uncovered another
1474 patients that were colonized with C. auris in ten states
that have had previous confirmed cases [14]. There are cur-
rently four geographic clades that describe the genomic rela-
tionships of C. auris: South Asian, South African, South
American, and East Asian. Isolates from the USA have shown
to be related to either the South American or South Asian
clades. When using conventional diagnostic identification
methods (i.e., matrix-assisted laser desorption ionization—
time of flight (MALDI-TOF) mass spectrometry), C. auris
can be misidentified as C. haemulonii, which is phylogeneti-
cally related, as well as C. catenulate, C. famata,
C. guilliermondii, C. lusitaniae, C. parapsilosis, C. sake,
Rhodotorula glutinis, Rhodotorula mucilaginosa, and
Saccharomyces spp. [15-24] C. auris outbreaks often occur
in intensive care units, where multiple devices, lines, and cath-
eters are used. This association has led many to believe that it
may possess biofilm-producing characteristics [4]. It also



Curr Infect Dis Rep (2019) 21:47

Page30f8 47

appears that there is a low likelihood of a community reservoir
for C. auris and it is believed that healthcare networks are key
for transmission [25¢]. Combined with identification issues
and its association with outbreaks in healthcare facilities,
C. auris presents a new challenge for hospitals and providers
in the changing world of antimicrobial resistance.

Aspergillus Resistance

Azole antifungal agents have been the mainstay of therapy for
Aspergillus infections. The most common causes of infection
are associated with A. fumigatus (90%), followed by A. flavus,
A. terreus, and A. niger [26]. The emergence of resistance has
largely been explained by the long-term use of such agents in
the management infections such as chronic aspergillosis [27].
Azole resistance was first described in patients from the USA
that received long-term itraconazole [28]. Further studies of
Aspergillus isolates have shown that azole resistance was ob-
served in the Netherlands in 1998 and 2009 due to the genetic
mutations TR34/L98H, and TR4¢/Y121F/T289A respectively.
Interestingly, these strains were also discovered in isolates
dating back to 1998 (Italy) and 2008 (USA), although they
were discovered retrospectively years later. Genetic analysis
of the isolates has concluded that they likely diverged from a
common ancestor [29]. Surveillance data has shown that the
most common gene modification associated with resistance is
TR34/L98H (48.9%). 1t is estimated that approximately 3.2%
of A. fumigatus isolates are resistant to one or more azole
antifungal. Worldwide resistance rates for A. fumigatus range
from 0 to 26.1%, showing that rates can differ significantly
between various regions of the world. Another trend that has
been observed is that azole resistance (TR34/L98H or TRy¢/
Y121F/T289A) occurs more often in invasive disease (5.1%)
compared with non-invasive disease. This trend may demon-
strate that azole resistance does not result in a significant fit-
ness cost for A. fumigatus, signifying that azole resistance due
to these mutations may at least result in a similar rate of inva-
sive disease as wild-type A. fumigatus [30].

Mechanisms of Azole Resistance
Candida

Azole antifungals inhibit the biosynthesis of ergosterol by
binding to lanosterol 14-a-demethylase. Ergosterol is a key
component of fungal cell membranes; therefore without its
production, membrane stability is lost and growth cannot con-
tinue. This pathway is encoded by the gene family ERG11,
which includes the genes Cyp51A and Cyp51B. Alterations to
this gene family result in azole resistance. The DNA repair
pathways, double-strand break repair (DSBR) and mismatch
repair (MMR), have been shown to result in hyper-mutable
phenotype in C. albicans isolates. The exact mutations, which

occur in the DSBR gene RAD50 and MMR genes MSH2 and
PMS 1, result in fluconazole-resistant isolates. The MSH2 mu-
tation has also been shown to result in azole resistance and
multi-drug resistance in C. glabrata isolates, which will be
discussed later [31]. In addition to gene alteration, overexpres-
sion of ERG11 can result in azole resistance due to mutations
in the UPC2 transcriptional activator. ERG3-mediated resis-
tance, due to the production of alternative sterols, has also
been reported result in resistance. The upregulation of ATP-
binding cassette (ABC) drug transporters can also result in
azole resistance and have been described in C. albicans and
C. glabrata isolates [32]. Two common transporters, CDR1
and CDR2 (also known as PDHI1), were discovered in
C. glabrata strains that became resistant to fluconazole after
treatment for oral candidiasis. CDR2 was discovered first, but
it was later determined that CDRI is likely more responsible
for high-level azole resistance. Both drug transporters are
expressed in response to exposure to azoles. An additional
transporter, SNQ2, has also been shown to cause resistance
alongside CDR1 and CDR2. When all three transporters are
present in an isolate, the removal of SNQ2 results in a return
of azole susceptibility; therefore, it has been concluded that
SNQ2 must also play an important role in azole resistance
[33]. A transporter in the major facilitator superfamily
(MFS), MDRU1, is also associated with C. albicans resistance
to both azoles and human host defense mechanisms. [32, 33].
A second MFS transporter, QDR2, has also been shown to be
weakly associated with resistance in C. glabrata isolates
mainly effecting imidazoles (ketoconazole, miconazole, clo-
trimazole) [33].

Aspergillus

There are two main avenues as to which resistance can emerge
to azoles in Aspergillus isolates: through the use of azole-
related compounds in the environment such as during farm-
ing, and long-term azole use in humans [29]. These avenues
result in various genetic mutations for Aspergillus isolates,
mostly seen in A. fumigatus. The major mutations reported
in A. fumigatus occur in Cyp51A and its promoter regions
TR34/L98H and TR4¢/Y121F/T289A. Cyp51A, as mentioned
earlier, is a major gene that encodes for lanosterol 14-oc-
demethylase, which is the target for azoles. Mutations in this
gene in A. fumigatus typically result in an overexpression of
Cyp51A, resulting in resistance. TR34/L98H is a pan-azole-
resistant mutation that is often found in azole-naive patients.
It has been hypothesized that this mutation is a result of envi-
ronmental stressors such as the widespread use of pesticides
that contain compounds similar to human azoles. The TR4¢/
Y121F/T289A mutation of Cyp5IA results in voriconazole
resistance. This mutation has been discovered in both clinical
and environmental isolates. An additional mutation, TRs3, has
now been reported in both a clinical and environmental isolate
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which results in itraconazole and voriconazole resistance
[34-]. Additional mechanisms of resistance include amino ac-
id substitutions at Gly 54, Gly 138, Met 220, and Gly 448.
These mutations are considered to be an acquired resistance in
A. fumigatus isolates. Resistance mechanisms in A. flavus and
A. terreus are rarely discussed, with case reports of several
different mutations currently existing. Resistance mechanisms
that are not associated with Cyp51A have also been reported
and include ABC and MSF transporters, HapE modification,
Cyp51B overexpression, and biofilm production. In contrast
to many other bacterial and fungal species, drug resistance
does not appear to impart a significant fitness cost in
A. fumigatus. As such, strains harboring acquired resistance
mutations are able to compete alongside wild-type isolates in
both in vivo and ex vivo environments [35¢]. A growing con-
cern regarding to the mechanisms behind Aspergillus resis-
tance to azoles is with its proposed relationship to agricultural
pesticide use. Non-human azole antifungals are commonly
used in agriculture as a way to minimize crop loss and prevent
fungal plant infections. Patient to patient transfer of azole-
resistant Aspergillus infections has not been described, there-
fore it is hypothesized that the presentation of resistant
Aspergillus infection in an azole-naive patient may be due to
the inhalation of agricultural Aspergillus spores that were ex-
posed to antifungal pesticide. To support this hypothesis,
Aspergillus isolates from patients either exposed to azole ther-
apy or environmental factors were examined. It was deter-
mined that the isolates from different patients had similar mu-
tations in their Cyp5 1A genes (TR34/L98H, G448S, and TR4¢/
Y 121F/T298A). An additional study of soil samples that were
treated with agricultural azoles showed that 5.8% of the sam-
ples were resistant to human azoles. With the use of whole
genome sequencing, it has been shown that both clinical and
environmental isolates have low genetic diversity and poten-
tially have originated from a common ancestor genotype [28].
Further attention will likely need to be spent to further re-
search the relationship between fungal pesticide use and the
emergence of Aspergillus resistance to azoles.

Epidemiology of Candida and Aspergillus Resistance
to Echinocandins

Candida

So far, the echinocandins (caspofungin, micafungin, and
anidulafungin) are the preferred first-line therapy for in-
vasive candidiasis; therefore, significant empiric
echinocandin use exists at most institutions. They repre-
sent an extremely valuable antifungal class due to their
fungicidal activity against most species of Candida re-
gardless of the presence of azole and polyene resistance.
But, due to their frequent use as a first-line agent, the
emergence of resistance is a concern. Fortunately, it
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appears that resistance rates have remained low for the
most common Candida isolates over the past 10 years:
C. albicans (0-0.1%), C. parapsilosis (0-0.1%),
C. tropicalis (0.5-0.7%), C. glabrata (1.7-3.5%), and
C. krusei (0-1.7%). C. glabrata isolates have historically
been the most resistance species of Candida for the
echinocandins, with the highest resistance observed with
anidulafungin (3.5%) and lowest with micafungin (1.7%).
Peak resistance rates were observed during different time
periods for each echinocandin against Candida spp.:
anidulafungin (2012-2014): 2.8%, caspofungin (2006—
2008): 6.9%, micafungin (2006-2008): 2.8%. The lowest
resistance rates were observed more recently during
2015-2016 for anidulafungin and caspofungin (1.5%,
1.3%), and in 2009-2011 (1%) for micafungin. Overall
resistance trends have remained stable for these isolates
except for C. tropicalis, which demonstrated an increased
resistance rate between 2015 and 2016 (1.3-2%) com-
pared with 2006-2014 (0-1.1%). North America tends
to have the highest rates of micafungin resistance com-
pared with other regions of the world for C. glabrata
(2.8% vs 0-0.6%), and C. tropicalis (1.3% vs 0-0.5%).
Resistance rates for C. albicans, C. parapsilosis, and
C. krusei were nearly identical, ranging from 0 to 0.1%
[5]. Resistant C. glabrata isolates tended to be non-sus-
ceptible/resistant to at least two echinocandins, with
78.4% of all resistant isolates being non-susceptible to
all echinocandins. Therefore, it appears that echinocandin
resistance is often pan resistant. C. glabrata has consis-
tently been associated with echinocandin resistance in
various medical centers in the USA, with resistance rates
ranging from 8% in Pittsburgh to 11% in Houston [36,
37]. In a large surveillance study conducted by the
Centers for Disease Control and Prevention, it was shown
that non-susceptible rates in C. glabrata have increased
significantly over the past decade from 4.2 to 7.8% [38].

Aspergillus

The epidemiology of aspergillus resistance to echinocandins
was rarely discussed in recent literature. A. alliaceus, which is
genomically similar to A. flavus, has been shown to have high
MICs to echinocandins. No additional Aspergillus species
have shown a trend of resistance to echinocandins [39].

Mechanisms of Echinocandin Resistance

Candida

As mentioned previously, echinocandin resistance in Candida
isolates is still rarely observed. In the SENTRY surveillance

study, all Candida isolates with an echinocandin MIC higher
than the susceptible breakpoint per CLSI were analyzed for
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genetic mutations. The majority of the isolates (71%) were
C. glabrata, all of which were found to possess a mutated
FKS gene [5]. The FKS gene is responsible for encoding the
putatively catalytic subunit (Fksp) of glucan synthase. Point
mutations in specific regions of the gene, termed “hot spot”
regions, result in the reduced sensitivity to echinocandins.
These mutations, which usually occur in either FKS/ or
FKS2 genes, can result in the reduced potency of
echinocandins by 50-3000 fold. While FKS/-mediated
echinocandin resistance occurred across all Candida species,
FKS2-mediated echincoandin resistance has been exclusively
observed in clinical isolates of C. glabrata [35¢]. So far, FKS
mutations are the only known cause of echinocandin resis-
tance leading to breakthrough infection during treatment,
and are thought to be associated with prior echinocandin ex-
posure [36, 37]. Various FKS mutation genotypes have been
reported, and the common mutation genotypes include S641F
and S645P (FKSI in C. albicans) as well as S663P (FKS2 in
C. glabrata). Amino acid substitutions are also responsible for
resistance in C. parapsilosis (P649) and C. guilliermondii
(M633/A634) [35¢]. Studies have shown that echinocandin
resistance due to FKS2 is calcineurin dependent and may be
reversible after administration of a calcineurin inhibitor such
as tacrolimus [32]. Additionally, Suwunnakorn et al. recently
demonstrated that FKS2 and FKS3 in C. albicans can act as
negative regulators of FKS/, thereby influencing
echinocandin susceptibility. This mechanism has not yet been
demonstrated to result in echinocandin resistance in a clinical
isolates of non-C. glabrata species. [40]. Prolonged exposure
to echinocandins is usually the cause of FKS mutations, and
account for an increased risk breakthrough infection com-
pared with isolates lacking a FKS mutation [36]. Other resis-
tance mechanisms, such as azole-specific gene mutations and
drug transporters, do not result in echinocandin resistance
[35e, 41]. In a study by Healey et al., 100% of the colonies
that were resistant to echinocandins also had mutations in
FKS1/2, therefore suggesting that the main explanation be-
hind resistance are those mutations. As mentioned earlier, dis-
ruption of the MMR gene MSH? results in azole and multi-
drug-resistant strains of C. glabrata [31]. Alterations in MHS?2
have also been shown to result in isolates that were resistant to
amphotericin B, fluconazole, voriconazole, caspofungin, and
micafungin to various extents. Analysis of MHS2 mutations in
clinical isolates collected across the USA showed that the
mutation was present in a significant number of susceptible
strains (52%), as well as fluconazole-resistant strains (54%),
and MDR-strains (62%), but a low number of echinocandin-
resistant strains (20%). Further analysis of isolates that
contained MHS2 mutations showed that the presence of the
mutation may promote the emergence of resistance to antifun-
gals, namely through FKS mutations, instead of resulting in
actual a different resistance mechanism [31]. However, in a
study by Pham et al. of echinocandin-resistant isolates, only

81% of resistant isolates were found to have a FKS mutation,
mainly FKS2, therefore suggesting that there are other mech-
anisms present in these isolates [42]. Protein kinase C (PKC),
protein phosphatase calcineurin, Hsp90, and Cas5 have all
been described to result in reduced echinocandin susceptibil-
ity due to mechanisms such as increased echinocandin toler-
ance and upregulation of chitin production [32]. For instance,
Hsp90 is involved in the activation of signaling pathways that
are essential for cell survival, resulting in increased antifungal
tolerance. Hsp90 is most often induced due to environmental
stress, such as antifungal presence [34¢]. Even though there
are multiple mechanisms that result in echinocandin resis-
tance, only FKS mutations have been associated with worse
outcomes for patients with IC. In a study by Beyda et al. of
patients with candidemia, 60% of patients with a FKS muta-
tion experienced treatment failure compared with 23% with-
out FKS mutations [37]. Additional studies have shown that
treatment failure due to FKS mutant C. glabrata isolates can
range from 62 to 90%. Therefore, it is hypothesized that the
presence of FKS mutation or elevated MICs to echinocandins
may serve as a surrogate for echinocandin failure, but further
research is required [36, 37].

Aspergillus

The echinocandins can be a useful class of antifungals in the
management of Aspergillus infections, especially due to iso-
lates with azole resistance, as cross-resistance in these isolates
appears to be uncommon. Resistance mechanisms in
Aspergillus have been less well described, due to the fact that
various species have differing intrinsic susceptibility profiles.
Similar to Candida, mutations in FKS have been shown to
decrease echinocandin affinity for glucan synthase, resulting
in a reduced susceptibility in Aspergillus isolates. In a study of
resistant isolates, FKS mutations were not found, but instead
higher levels of FKS gene expression. In vitro resistance to
echinocandins was observed in A. fumigatus isolates that had
induced resistance with either S6768Y or S678P substitutions
in FKS1. This finding suggests that FKS mutation may con-
tribute to echinocandin resistance in some A. fumigatus iso-
lates in addition to overexpression of FKS. Additional expla-
nations for echinocandin resistance in A. fumigatus have been
described in the literature, such as increased chitin synthesis
and Hsp90 mutations. The exact mechanisms behind in-
creased chitin levels has not been determined but has been
observed in A. fumigatus isolates with Aras mutations.
Hsp90 mutation and activation has been observed in
Aspergillus spp. isolates in a similar fashion to Candida spp.
mentioned earlier. Resistance in A. fumigatus may be revers-
ible to an extent, as inhibition of Hsp90 and calcineurin has
been shown to improve echinocandin susceptibility
A. fumigatus [34°].
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Current and Future Diagnostics for Detecting
Resistance

The continued development of rapid diagnostic technology
and other diagnostic methods will become important to aid
in the de-escalation and cessation of antifungal therapy. The
use of diagnostic tests to detect resistance markers is common-
ly used for bacterial pathogens such as Staphylococcus
aureus, Enterococcus, and Enterobacteriaecae, but has not
been extensively developed or implemented for fungal patho-
gens. This technology is important because of the difficulty of
culturing fungal pathogens. As mentioned earlier, there are
multiple resistance mechanisms associated with azole resis-
tance. Specific genetic mutations do not correlate well with
MIC results; therefore, there is a need for methods to detect
these underlying mechanisms and mutations. Mutations in
amino acids of the ERG11 and ERG3 genes can be detected
by using molecular probes, melt curve analysis, and DNA
sequence analysis. Unfortunately, issues remain with these
technologies due to complexity and whether or not mutations
correlate well with MIC results or clinical outcomes. Another
technology that has been investigated is next generation se-
quencing (NGS). NGS has the ability to detect multiple resis-
tance mechanisms, included those missed by the aforemen-
tioned tests [43]. Due in part to the high costs, slow turnaround
time, and need for bioinformatics expertise for interpretation,
NGS is not a widely used technology at this time but is ex-
pected to become so in the future. There is concern that sus-
ceptibility testing may be unreliable for echinocandins as well.
For instance, interlaboratory variability has been reported for
caspofungin MICs, where some labs have reported higher
MIC values resulting in a misclassification of isolates as
caspofungin resistant. Due to this problem, EUCAST now
recommends to not perform susceptibility testing with
caspofungin, but instead with anidulafungin and micafungin
as surrogate markers. Resistance to the echinocandins has
been shown to accurately correlate with presence of FKS mu-
tations [3, 37, 41, 44¢]. Due to reliability issues with suscep-
tibility testing, it remains exceedingly important to develop a
molecular assay that is able to detect FKS gene mutations.
DNA sequencing continues to be the most widely used meth-
od of detecting FKS mutations, as no such rapid diagnostic
test is currently commercially available. Within the last few
years, there has been an increased amount of research focused
on the development of such a rapid molecular diagnostic test.
In a study by Zhao et al., a molecular DNA assay for rapid
genotyping of FKSI HS1 and FKS2 HS1 of C. glabrata was
evaluated. The study used blinded clinical C. glabrata isolates
and the results of the assay were compared with microbroth
dilution susceptibility testing per CLSI standards. The molec-
ular diagnostic assay was shown to be 100% accurate in
distinguishing between wild-type and FKSI/FKS2 mutant
C. glabrata strains. This test appears to be promising, as it
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involved a simpler design compared with previous molecular
diagnostic tests and will potentially be able to be incorporated
into a multiplex test [44]. Additional tests that may help in the
de-escalation and discontinuation of antifungal therapy in-
clude galactomannan, (3-D-glucan, and Aspergillus PCR.
These tests do not detect resistance, but instead detect the
presence of fungal pathogens. These tests tend to have higher
negative predictive values that helps with the discontinuation
of empiric antifungal therapy [35¢].

Clinical Implications of Emerging Antifungal
Resistance and New Diagnostics

Due to the high mortality rate of invasive fungal infections,
directed empiric therapy is important for proper manage-
ment. The use of new diagnostic tests to determine if a
fungal pathogen is resistant before traditional susceptibility
testing results are finalized will help to ensure patients
receive early, directed therapy. For example, the presence
of genetic mutations in Candida species, such as FKS/ and
FKS2, has been shown to be an independent risk factor for
treatment failure for C. glabrata infection [36]. Therefore,
by using a rapid molecular test to determine echinocandin
resistance, clinicians can be assured that an echinocandin is
an appropriate choice to manage a specific case of IC.
Increased work focused towards the discovery of new an-
tifungal drug targets is ongoing. An area currently being
explored is combination therapy. Preliminary data shows
that azole susceptibility can be restored through the inhi-
bition of specific resistance mutations such as PDR1 and
GalllA in C. glabrata isolates. The targeting of Hsp90 has
also been shown to restore the activity of azoles and
echinocandins [32].

Conclusion

Antifungal resistance may be discussed less frequently than
antibiotic resistance, but can be equally devastating to pa-
tients. Recent work has highlighted the expanded understand-
ing of the complexity of antifungal resistance and its link to
antifungal use. Fortunately, outside of select patient popula-
tions, antifungal resistance remains relatively uncommon but
must remain a consideration for all clinicians who encounter
fungal infections.

Compliance with Ethical Standards

Conflict of Interest  Dr. Hendrickson, Dr. Hu, and Dr. Aitken have noth-
ing to disclose.

Dr. Beyda has received grant support and is on the advisory board for
Astellas Inc.



Curr Infect Dis Rep

(2019) 21:47

Page 7 of 8 47

Human and Animal Rights and Informed Consent This article does not
contain any studies with human or animal subjects performed by either of
the authors.

References

Papers of particular interest, published recently, have been
highlighted as:
+ Of importance

1

10

11

13

Fisher MC, Hawkins NJ, Sanglard D, Gurr SJ. Worldwide emer-
gence of resistance to antifungal drugs challenges health food and
security. Science. 2018;360(80):739-42. https://doi.org/10.1126/
science.aap7999.

Brown GD, Denning DW, Gow NAR, Levitz SM, Netea MG, White
TC. Hidden killers: human fungal infections. Sci Transl Med.
2012;4:165rv13. https://doi.org/10.1126/scitranslmed.3004404.
Schwartz IS, Patterson TF. The emerging threat of antifungal resis-
tance in transplant infectious diseases. Curr Infect Dis Rep. 2018;20:
2-10. https://doi.org/10.1007/s11908-018-0608-y.

Jeffery-Smith A, Taori SK, Schelenz S, Jeffery K, Johnson EM,
Borman A, et al. Candida auris: a review of the literature. Clin
Microbiol Rev. 2018;31:¢00029—17. https://doi.org/10.1128/CMR.
00029-17.

Pfaller MA, Diekema DJ, Turnidge JD, Castanheira M, Jones RN.
Twenty years of the SENTRY antifungal surveillance program: re-
sults for Candida species from 1997-2016. Open Forum Infect Dis.
2019;6:S79-94. https://doi.org/10.1093/ofid/ofy358.

Lamoth F, Lockhart SR, Berkow EL, Calandra T. Changes in the
epidemiological landscape of invasive candidiasis. J Antimicrob
Chemother. 2018;73:14—13. https://doi.org/10.1093/jac/dkx444.
Astvad KMT, Johansen HK, Reder BL, Rosenvinge FS, Knudsen
JD, Lemming L, et al. Update from a 12-year nationwide fungemia
surveillance: increasing intrinsic and acquired resistance causes con-
cern. J Clin Microbiol. 2018;56. https://doi.org/10.1128/JCM.
01564-17.

Centers for Disease Control and Prevention. Candida auris: a drug-
resistant yeast that spreads in healthcare facilities. 2018. www.cdc.
gov/fungal/candida-auris. Accessed 2019 Sep 1

Chowdhary A, Prakash A, Sharma C, Kordalewska M, Kumar A,
Sarma S, et al. A multicentre study of antifungal susceptibility pat-
terns 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;73:891-9. https://doi.org/10.1093/
jac/dkx480.

Lockhart SR, Etienne KA, Vallabhaneni S, Farooqi J, Chowdhary
A, Govender NP, et al. Simultaneous emergence of multidrug-
resistant candida auris on 3 continents confirmed by whole-
genome sequencing and epidemiological analyses. Clin Infect Dis.
2017,64:134-40. https://doi.org/10.1093/cid/ciw691.

Forsberg K, Woodworth K, Walters M, Berkow EL, Jackson B,
Chiller T, et al. Candida auris: the recent emergence of a
multidrug-resistant fungal pathogen. Med Mycol. 2019;57:1-12.
https://doi.org/10.1093/mmy/myy054.

Chakrabarti A, Sood P, Rudramurthy SM, Chen S, Kaur H, Capoor
M, et al. Incidence, characteristics and outcome of ICU-acquired
candidemia in India. Intensive Care Med. 2015;41:285-95. https://
doi.org/10.1007/s00134-014-3603-2.

Khan Z, Ahmad S, Benwan K, Purohit P, Al-Obaid I, Bafna R, et al.
Invasive Candida auris infections in Kuwait hospitals: epidemiolo-
gy, antifungal treatment and outcome. Infection. 2018;46:641-50.
https://doi.org/10.1007/s15010-018-1164-y.

14

15

16

17

18

19

20

21

22

23

24

25.

26

27

28

29

Centers for Disease Control and Prevention. Tracking Candida auris.
2019. https://www.cdc.gov/fungal/candida-auris/tracking-c-auris.
html (accessed September 9, 2019).
Chowdhary A, Sharma C, Duggal S, Agarwal K, Prakash A, Singh
PK, et al. New clonal strain of Candida auris , Delhi, India. Emerg
Infect Dis. 2013;19:1670-3. https://doi.org/10.3201/eid1910.
130393.
Lee WG, Shin JH, Uh Y, Kang MG, Kim SH, Park KH, et al. First
three reported cases of nosocomial fungemia caused by Candida
auris. J Clin Microbiol. 2011;49:3139-42. https://doi.org/10.1128/
JCM.00319-11.
Emara M, Ahmad S, Khan Z, Joseph L, Al-Obaid I, Purohit P, et al.
Candida auris Candidemia in Kuwait, 2014. Emerg Infect Dis.
2015;21:1091-2. https://doi.org/10.3201/eid2106.150270.
Magobo RE, Corcoran C, Seetharam S, Govender NP. Candida auris
—associated Candidemia, South Africa. Emerg Infect Dis. 2014;20.
https://doi.org/10.3201/eid2007.131765.
Vallabhaneni S, Kallen A, Tsay S, Chow N, Welsh R, Kerins J, et al.
Investigation of the first seven reported cases of Candida auris, a
globally emerging invasive, multidrug-resistant fungus—United
States, May 2013—August 2016. Am J Transplant. 2017;17:296-9.
https://doi.org/10.1111/ajt.14121.
Kathuria S, Singh PK, Sharma C, Prakash A, Masih A, Kumar A,
et al. Multidrug-resistant Candida auris misidentified as Candida
haemulonii: characterization by matrix-assisted laser desorption
ionization—time of flight mass spectrometry and DNA sequencing
and its antifungal susceptibility profile variability by Vitek 2, CL. J
Clin Microbiol. 2015;53:1823-30. https://doi.org/10.1128/jcm.
00367-15.
Kim TH, Kweon OJ, Kim HR, Lee MK. Identification of uncom-
mon Candida species using commercial identification systems. J
Microbiol Biotechnol. 2016;26:2206—13. https://doi.org/10.4014/
jmb.1609.09012.
Mizusawa M, Miller H, Green R, Lee R, Durante M, Perkins R, et al.
Can multidrug-resistant Candida auris be reliably identified in clin-
ical microbiology laboratories? J Clin Microbiol. 2017;55:638—40.
https://doi.org/10.1128/jcm.02202-16.
Kindo AJ, Sivaraniini A, Raivoganandh V, Vijavakumar R.
Antifungal susceptibility testing by micro-broth dilution of rare
Candida species isolates from blood - a study from a tertiary center
in South India. Abstr P037. Mycoses. 2015;68. https://doi.org/10.
1111/myc.12380.
Sharma C, Masih A, Singh PK, Meis JF, Chowdhary A. Candida
haemulonii complex: the true scenario by sequencing and MALDI-
TOF among clinical isolates in India. Abstr P057. Mycoses. 2015:
75-6. https://doi.org/10.1111/myc.12380.
Snyder GM, Wright SB. The epidemiology and prevention of
Candida auris. Curr Infect Dis Rep. 2019:21:19. https://doi.org/
10.1007/s11908-019-0675-8 An update on C. auris that
provides details on epidemology and transmission.
Paulussen C, Hallsworth JE, Alvarez-Pérez S, Nierman WC, Hamill
PG, Blain D, et al. Ecology of aspergillosis: insights into the path-
ogenic potency of Aspergillus fumigatus and some other Aspergillus
species. Microb Biotechnol. 2017;10:296-322. https://doi.org/10.
1111/1751-7915.12367.
Hagiwara D, Watanabe A, Kamei K, Goldman GH.
Epidemiological and genomic landscape of azole resistance mech-
anisms in Aspergillus fungi. Front Microbiol. 2016;7:1382. https://
doi.org/10.3389/fmicb.2016.01382.
Berger S, El Chazli Y, Babu AF, Coste AT. Azole resistance in
Aspergillus fumigatus: a consequence of antifungal use in agricul-
ture? Front Microbiol. 2017;8. https://doi.org/10.3389/fmicb.2017.
01024.
Verweij PE, Chowdhary A, Melchers WJG, Meis JF. Azole resis-
tance in aspergillus fumigatus: can we retain the clinical use of

@ Springer


https://doi.org/10.1126/science.aap7999
https://doi.org/10.1126/science.aap7999
https://doi.org/10.1126/scitranslmed.3004404
https://doi.org/10.1007/s11908-018-0608-y
https://doi.org/10.1128/CMR.00029-17
https://doi.org/10.1128/CMR.00029-17
https://doi.org/10.1093/ofid/ofy358
https://doi.org/10.1093/jac/dkx444
https://doi.org/10.1128/JCM.01564-17
https://doi.org/10.1128/JCM.01564-17
http://www.cdc.gov/fungal/candida-auris
http://www.cdc.gov/fungal/candida-auris
https://doi.org/10.1093/jac/dkx480
https://doi.org/10.1093/jac/dkx480
https://doi.org/10.1093/cid/ciw691
https://doi.org/10.1093/mmy/myy054
https://doi.org/10.1007/s00134-014-3603-2
https://doi.org/10.1007/s00134-014-3603-2
https://doi.org/10.1007/s15010-018-1164-y
https://www.cdc.gov/fungal/candida-auris/tracking-c-auris.html
https://www.cdc.gov/fungal/candida-auris/tracking-c-auris.html
https://doi.org/10.3201/eid1910.130393
https://doi.org/10.3201/eid1910.130393
https://doi.org/10.1128/JCM.00319-11
https://doi.org/10.1128/JCM.00319-11
https://doi.org/10.3201/eid2106.150270
https://doi.org/10.3201/eid2007.131765
https://doi.org/10.1111/ajt.14121
https://doi.org/10.1128/jcm.00367-15
https://doi.org/10.1128/jcm.00367-15
https://doi.org/10.4014/jmb.1609.09012
https://doi.org/10.4014/jmb.1609.09012
https://doi.org/10.1128/jcm.02202-16
https://doi.org/10.1111/myc.12380
https://doi.org/10.1111/myc.12380
https://doi.org/10.1111/myc.12380
https://doi.org/10.1007/s11908-019-0675-8
https://doi.org/10.1007/s11908-019-0675-8
https://doi.org/10.1111/1751-7915.12367
https://doi.org/10.1111/1751-7915.12367
https://doi.org/10.3389/fmicb.2016.01382
https://doi.org/10.3389/fmicb.2016.01382
https://doi.org/10.3389/fmicb.2017.01024
https://doi.org/10.3389/fmicb.2017.01024

47

Page 8 of 8

Curr Infect Dis Rep (2019) 21:47

30

31

32

33

34.

35.

36

37

38

mold-active antifungal azoles? Clin Infect Dis. 2016;62:362-8.
https://doi.org/10.1093/cid/civ885.
van der Linden JWM, Arendrup MC, Warris A, Lagrou K, Pelloux
H, Hauser PM, et al. Prospective multicenter international surveil-
lance of azole resistance in Aspergillus fumigatus. Emerg Infect Dis.
2015;21:1041-4. https://doi.org/10.3201/eid2106.140717.
Healey KR, Zhao Y, Perez WB, Lockhart SR, Sobel JD, Farmakiotis
D, et al. Prevalent mutator genotype identified in fungal pathogen
Candida glabrata promotes multi-drug resistance. Nat Commun.
2016;7:11128. https://doi.org/10.1038/ncomms11128.
Revie NM, Iyer KR, Robbins N, Cowen LE. Antifungal drug resis-
tance: evolution, mechanisms and impact. Curr Opin Microbiol.
2018;45:70-6. https://doi.org/10.1016/j.mib.2018.02.005.
Whaley SG, Rogers PD. Azole Resistance in Candida glabrata. Curr
Infect Dis Rep. 2016;18:19-21. https://doi.org/10.1007/s11908-
016-0554-5.
Sharma C, Chowdhary A. Molecular bases of antifungal resistance
in filamentous fungi. Int J Antimicrob Agents. 2017;50:607—-16.
https://doi.org/10.1016/j.ijjantimicag.2017.06.018 A detailed
summary at the resistance mechanisms for Aspergillus species.
Perlin DS, Rautemaa-Richardson R, Alastruey-Izquierdo A. The
global problem of antifungal resistance: prevalence, mechanisms,
and management. Lancet Infect Dis. 2017;17:¢383-92. https://doi.
org/10.1016/S1473-3099(17)30316-X A detailed review on
antifungal resistance mechanisms.
Shields RK, Nguyen MH, Clancy CJ. Clinical perspectives on
echinocandin resistance among Candida species. Curr Opin Infect
Dis. 2015;28:514-22. https://doi.org/10.1097/QCO.
0000000000000215.
Beyda ND, John J, Kilic A, Alam MJ, Lasco TM, Garey KW. FKS
mutant Candida glabrata: risk factors and outcomes in patients with
candidemia. Clin Infect Dis. 2014;59:819-25. https://doi.org/10.
1093/cid/ciu407.
Vallabhaneni S, Cleveland AA, Farley MM, Harrison LH, Schaffner
W, Beldavs ZG, et al. Epidemiology and risk factors for

@ Springer

39

40

41

42

43

echinocandin nonsusceptible Candida glabrata bloodstream infec-
tions: data from a large Multisite Population-Based Candidemia
Surveillance Program, 2008-2014. Open Forum Infect Dis.
2015:2. https://doi.org/10.1093/0fid/ofv163.

Shishodia SK, Tiwari S, Shankar J. Resistance mechanism and pro-
teins in Aspergillus species against antifungal agents. Mycology.
2019;10:151-65. https://doi.org/10.1080/21501203.2019.1574927.
Suwunnakorn S, Wakabayashi H, Kordalewska M, Perlin DS,
Rustchenko E. FKS2 and FKS3 genes of opportunistic human path-
ogen Candida albicans influence Echinocandin susceptibility.
Antimicrob Agents Chemother. 2018;62:¢02299—17. https://doi.
org/10.1128/aac.02299-17.

Wiederhold NP. Echinocandin resistance in Candida species: a re-
view of recent developments. Curr Infect Dis Rep. 2016;18:42-8.
https://doi.org/10.1007/s11908-016-0549-2.

Pham CD, Igbal N, Bolden CB, Kuykendall RJ, Harrison LH,
Farley MM, et al. Role of FKS mutations in Candida glabrata:
MIC values, echinocandin resistance, and multidrug resistance.
Antimicrob Agents Chemother. 2014;58:4690—6. https://doi.org/
10.1128/AAC.03255-14.

Beardsley J, Halliday CL, Chen SCA, Sorrell TC. Responding to the
emergence of antifungal drug resistance: perspectives from the
bench and the bedside. Future Microbiol. 2018;13:1175-91.
https://doi.org/10.2217/fmb-2018-0059.

44.. Zhao Y, Nagasaki Y, Kordalewska M, Press EG, Shields RK,

Nguyen MH, et al. Rapid detection of FKS -associated
Echinocandin resistance in Candida glabrata. Antimicrob Agents
Chemother. 2016;60:6573—7. https://doi.org/10.1128/aac.01574-
16 A study on a novel, emerging rapid diagnostic test for FKS
mutations that may lead new rapid diagnostic tests for invasive
fungal infections.

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.


https://doi.org/10.1093/cid/civ885
https://doi.org/10.3201/eid2106.140717
https://doi.org/10.1038/ncomms11128
https://doi.org/10.1016/j.mib.2018.02.005
https://doi.org/10.1007/s11908-016-0554-5
https://doi.org/10.1007/s11908-016-0554-5
https://doi.org/10.1016/j.ijantimicag.2017.06.018
https://doi.org/10.1016/S1473-3099(17)30316-X
https://doi.org/10.1016/S1473-3099(17)30316-X
https://doi.org/10.1097/QCO.0000000000000215
https://doi.org/10.1097/QCO.0000000000000215
https://doi.org/10.1093/cid/ciu407
https://doi.org/10.1093/cid/ciu407
https://doi.org/10.1093/ofid/ofv163
https://doi.org/10.1080/21501203.2019.1574927
https://doi.org/10.1128/aac.02299-17
https://doi.org/10.1128/aac.02299-17
https://doi.org/10.1007/s11908-016-0549-2
https://doi.org/10.1128/AAC.03255-14
https://doi.org/10.1128/AAC.03255-14
https://doi.org/10.2217/fmb-2018-0059
https://doi.org/10.1128/aac.01574-16
https://doi.org/10.1128/aac.01574-16

	Antifungal Resistance: a Concerning Trend for the Present and Future
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Epidemiology of Candida and Aspergillus Resistance to Azole Antifungals
	Candida Resistance
	Emergence of Candida Auris
	Aspergillus Resistance

	Mechanisms of Azole Resistance
	Candida
	Aspergillus

	Epidemiology of Candida and Aspergillus Resistance to Echinocandins
	Candida
	Aspergillus

	Mechanisms of Echinocandin Resistance
	Candida
	Aspergillus

	Current and Future Diagnostics for Detecting Resistance
	Clinical Implications of Emerging Antifungal Resistance and New Diagnostics

	Conclusion
	References
	Papers of particular interest, published recently, have been highlighted as: • Of importance



