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The growing use of immunosuppressive therapies has re-
sulted in a dramatic increased incidence of invasive fungal
infections (IFIs) caused by Aspergillus fumigatus, a common
pathogen, and is also associated with a high mortality rate.
Azoles are the primary guideline-recommended therapy agents
for first-line treatment and prevention of IFIs. However,
increased azole usage in medicinal and agricultural settings
has caused azole-resistant isolates to repeatedly emerge in
the environment, resulting in a significant threat to human
health. In this review, we present and summarize current
research on the resistance mechanisms of azoles in A. fumi-
gatus as well as efficient susceptibility testing methods. More-
over, we analyze and discuss the putative clinical (bedside)
indication of these findings from bench work.
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Introduction

In recent years, the prevalence of invasive fungal infections
(IFIs) that are caused by Aspergillus fumigatus and associated
with a high mortality rate has increased dramatically, due
primarily to the increased use of immunosuppressive thera-
pies (Richardson, 2005; Shao et al., 2007; Mayr and Lass-Flor],
2011). There are currently three classes of antifungal agents,
azoles, polyenes and echinocandins, each with a different tar-
get, that are used in the clinical treatment of IFIs (Walsh et
al., 2008; Galimberti et al., 2012). To date, azoles are the pri-
mary guideline-recommended therapy agents for first-line
treatment and prevention of IFIs because azoles have fewer
side effects for the host than the polyene amphotericin and a
broader antifungal spectrum than echinocandins (Traun-
muller et al., 2011; Becher and Wirsel, 2012). Imidazole-based
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chlormidazole became widely available in the clinic in 1958.
Since then, a variety of imidazoles (e.g., clotrimazole, mico-
nazole, and ketoconazole) and triazoles (e.g., fluconazole,
itraconazole, voriconazole, and posaconazole) have been suc-
cessively developed for antifungal therapy (Shao et al., 2007;
Parker et al., 2014). In addition to their use in medicine, azoles
are increasingly used in agricultural settings, resulting in the
emergence of azole-resistant isolates. Since 1997, when the
first azole-resistant isolate of A. fumigatus was found, an in-
creasing number of resistant isolates have appeared in the
Netherlands, the UK, France, Spain, and China, and other
countries (Denning et al., 1997; Mayr and Lass-Florl, 2011;
Chowdhary et al., 2012; Kikuchi et al., 2014; Wang et al.,
2014). Moreover, the azole-resistant isolates are likely lead-
ing to therapy failure, with the mortality rate for immunosup-
pressed patients infected by azole-resistant isolates reach-
ing 88% in some studies (Howard et al., 2009; Denning and
Perlin, 2011; van der Linden et al., 2011). Thus, this pheno-
menon poses a serious threat to human health.

A number of studies have provided convincing evidence
that azoles work as antifungals by inhibiting ergosterol bio-
synthesis through interference with the activity of 14-a-lano-
sterol demethylase, which is encoded by cyp51A and cyp51B
(Ferreira et al., 2005; Warrilow et al., 2010; Snelders et al.,
2011). To date, most clinical A. fumigatus azole-resistant iso-
lates are associated with cyp51A mutations. To explain why
multiple missense mutations in cyp51A are linked to azole
resistance, it is postulated that cyp51A contributes the major
sterol 14-alpha-demethylase activity required for growth.
However, multiple mechanisms of resistance with differing
degrees of azole cross-resistance have been identified, and
clinicians and microbiologists have devoted themselves to
elucidating the molecular mechanisms underlying azole re-
sistance in A. fumigatus (Chowdhary et al., 2014; Cowen et
al., 2014). In this review, we present a progress report on the
development of efficient susceptibility testing methods and
summarize identified azole resistance mechanisms in A.
fumigatus. Moreover, we discuss the significant clinical (bed-
side) indications of these findings from bench work.

Antifungal susceptibility testing of azole agents to A. fumi-
gatus

To identify both intrinsic and emergent antifungal drug re-
sistance encountered in invasive fungal infections and to
improve clinical efficacy of treatment, it is necessary to esta-
blish accurate and predictive susceptibility testing of fungal
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pathogens in vitro. Various testing methods have been pro-
posed, including broth-based assays, disk-based assays, com-
mercial kits utilizing macrodilution and microdilution, agar
diffusion, disk diffusion and Etest (Espinel-Ingroff et al., 2007;
Lass-Florl et al., 2010). Two standard methods, M38-A2 and
E.DEF 9.1, have been proposed by the Clinical Laboratory
Standards Institute (CLSI) and the Antifungal Susceptibility
Testing Subcommittee of the European Committee on Anti-
microbial Susceptibility Testing (EUCAST-AFST), respec-
tively, specifically for susceptibility testing of Aspergillus spp..
These two broth-based microdilution methods are highly
reproducible; even though they differ in inoculum amount,
inoculum method and tested media (Table 1), the suscepti-
bility results obtained by these methods are consistent (Chry-
ssanthou and Cuenca-Estrella, 2006; Lass-Florl et al., 2006,
2010; Fothergill, 2012). To establish a gold standard for de-
tecting resistant clinical isolates, EUCAST and CLSI have
noted clinical breakpoints and epidemiological cut-oft values
(ECVs), which determine whether detected strains are azole
resistant or susceptible (Table 2) (Pfaller ef al., 2011; Aren-
drup et al., 2012). Clinical breakpoints are established based
on the standardized approach, pharmacokinetic and pharma-
codynamics (PK/PD) characteristics and animal and clinic
trials (Espinel-Ingroff ef al., 2010). In addition, ECVs, which
indicate the drug concentration at which 95% of the detected
fungal cells are killed, are used to distinguish wild-type strains
from strains with mutational or acquired resistance (Posteraro
and Sanguinetti, 2014; Seyedmousavi et al., 2014). However,
the proposed standard methods are complex, which makes
the detection procedure time-consuming and difficult to
use routinely (Posteraro et al., 2014).

Compared with the above standard methods, some of the
commercially available protocols are more convenient and
timesaving. Among them, the agar-based Etest and the broth-
based Sensititre YeastOne (SYO) are currently the two most
popular commercial methods for antifungal susceptibility
testing of the Aspergilli (Posteraro et al., 2014). The advan-
tages of Etest are its speed and simplicity; the Minimal Inhi-
bitory Concentration (MIC) can be directly determined from
the position where the elliptical inhibition zone intersects
the drug strip. In addition, the Etest is easily performed, re-
quiring only the placement of gradient strips infused with
different drugs in RPMI agar plates followed by incubation
at 35°C for 48 h (Pfaller et al., 2000; Espinel-Ingroff and
Rezusta, 2002; Messer et al., 2007). In comparison, the SYO
method uses a commercially prepared panel comprising serial
two-fold dilutions of drugs and the Alamar Blue indicator
for endpoints (Castro et al., 2004). The susceptibility of A.

Table 1. Cultural conditions for antifungal susceptibility testing in A. fu-
migatus

Characteristic CLSI M38-A2 EUCAST-E. DEF 9.1

RPMI 1640 RPMI 2% G
U-shaped wells flat-bottom wells
04-5x10'CFU/ml  2-5x 10°CFU/ml

spectrophotometrically haemocytometer

Test medium
96 well microdilution plates
inoculum

Inoculum standardisation

Temperature 35°C 35£2°C
Incubation time 48h 48h
MIC endpoint No growth No growth

fumigatus to itraconazole and voriconazole as determined
by SYO is in close agreement with the results derived from
CLSI methods (Guinea et al., 2006). Another novel approach
for the Aspergilli susceptibility testing is isothermal micro-
calorimetry (IMC). Unlike conventional methods, IMC is
performed in real time by measuring the heat production
from growth and metabolism. In this method, minimal heat
inhibitory concentration (MHIC), defined as the lowest drug
concentration that results in a 50% reduction of the total
heat produced by the growth control at 48 h (except for echi-
nocandins), is the susceptibility endpoint of IMC (Furustrand
Tafin et al., 2012). However, this method for real-time anti-
fungal susceptibility testing is still in preliminary form and
requires further experimentation to improve and standardize
the protocol.

Detection of molecular resistance to azole agents

Compared to our understanding of resistance in the yeast-
type pathogen Candida albicans, our knowledge of the mo-
lecular mechanisms underlying azole resistance in A. fumi-
gatus is relatively limited and superficial. Based on published
and clinical reports, the molecular mechanisms causing azole
resistance can be divided into the following three general
categories: (i) alteration or overexpression of the drug tar-
get, which decreases the affinity of the drug for its target or
leads to an increase in the quantity of drug necessary to in-
hibit fungal growth, (ii) activation of the drug efflux pump,
resulting in reduced accumulation of the drug within the
fungal cell, and (iii) modifications of the cellular stress-re-
sponse pathway to counterbalance the drug effect (Shapiro
et al., 2011; Liu et al., 2014). We will summarize the resist-
ance mechanisms from the three different classes that have
been identified in A. fumigatus separately.

Azole targeted Cyp51-mediated azole resistance

Over the last few decades, the most common resistance me-
chanism observed in A. fumigatus has been mutation of the
azole target Cyp51, which encodes lanosterol demethylase
(Chowdbhary et al., 2014). Cyp51 consists of two paralogous
proteins, named Cyp51A and Cyp51B. Either cyp51A or
cyp51B can be knocked out individually, but a double dele-
tion is lethal. Clinical findings suggest that cyp51A plays the
dominant role in the regulation of the 14a-demethylase ac-
tivity, while cyp51B either is a redundant gene that only func-
tions in the absence of cyp51A or has other unknown func-
tions under particular conditions (Mellado et al., 2005; Hu
et al., 2007).

Most azole-resistant isolates of A. fumigatus identified in
previous studies harbor mutations only in cyp51A (Lelievre
et al., 2013). Point mutations in cyp51A that alter drug-en-
zyme interaction or cause overexpression of cyp51A have

Table 2. EUCAST breakpoints and CLSI ECVs

Antifungal MIC breakpoint ECVs
agent Susceptible < Resistant >  Wild-type < Non-wild-type >
Itraconazole 1 2 1 2
Voriconazole 1 2 1 2
Posaconazole 0.12 0.25 0.25 0.5




Table 3. Mutations related to azole resistance in the cyp51A gene of A. fu-
migatus

Amino acid MIC (ug/ml)
Genotype _— -
substitution  Itraconazole ~Voriconazole Posaconazole
Hotspot
E >16.0 0.25 1
G54 R >16.0 0.12 0.5
W >16.0 0.25 4
@ >16.0 >16.0
G138
R 2 16 0.25
I >16.0 1 0.5
K >16.0 2 >16.0
M220
R >16.0 2 2
\Y% >16.0 1 0.5
G448 S 0.5 8 0.25

Other mutations

N22D, S52T, Q88H, V101F, N125I, Q141H, H147Y, P216L, F219C,
M236K/T/V, A284T, S297T, P394L, Y431C, G434C, T440A, Y491H,
F4951, TR34/L98H, TR46/Y121F/T289A

been associated with azole drug resistance in clinical isolates.
Lanosterol demethylase is one of a large class of monooxy-
genases called P450 proteins because of the spectral absor-
bance of a cysteine-linked heme molecule found in their
active site (Chen et al., 2014; Parker et al., 2014). Cyp51A
has two ligand channels through which azoles and the lano-
sterol substrate enter the active site of the protein. Mutations
in Cyp51A may directly restrict the docking of the drug,
reduce affinity for the target by altering the structure of the
opening in each channel or change the position of the heme
molecule. The most commonly reported sites of mutation in
cyp51A, called hot spots, are G54, G138, M220, and G448,
as shown in Table 3 (Diaz-Guerra et al., 2003; Verweij et al.,
2009; Snelders et al., 2010). Based on information from
models of Mycobacterium tuberculosis and human Cyp51A
orthologs, the A. fumigatus Cyp51A protein structure has
been deduced. In models of the A. fumigatus Cyp51A pro-
tein, the hot spots are positioned near the opening of the li-
gand access channels or close to the active site (Xiao et al.,
2004; Fraczek et al., 2011). To a certain extent, the locations
of the hot spots explain the drug resistance conferred to A.
fumigatus by mutations occurring at these sites. The identity
of the substituted amino acid also plays an important role
in azole resistance. For instance, valine, lysine, isoleucine,
and arginine substitutions at M220 cause azole resistances of
varying strengths (Mellado et al., 2004; Becher and Wirsel,
2012). To date, more than 30 different Cyp51A point muta-
tions conferring azole resistance in A. fumigatus have been
identified (Table 3) (Bueid et al., 2010; reviewed in Becher
and Wirsel, 2012; Bader et al., 2013).

Another major mechanism of azole resistance is the com-
bination of a mutation in the cyp51A gene with a tandem re-
peat in the cyp51A promoter, which acts as a transcriptional
enhancer. Although TR34/L98H was first reported in the
Netherlands in 1998, the mutant is now frequently identi-
fied in many countries (Chowdhary et al., 2012; Rath et al.,
2012; Prigitano et al., 2014). These mutations cause high-level
resistance to itraconazole and intermediate-level susceptibility
or resistance to voriconazole and/or posaconazole (Chowd-
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hary et al., 2014; Prigitano et al., 2014). The appearance of
this combined mutation resistance mechanism may be due
to the widespread usage of demethylase inhibitors (DMIs)
in agriculture (Snelders et al., 2012; Cuenca-Estrella, 2014).
A similar resistant isolate, the TR46/Y121F/T289A mutation
in cyp51A, has been detected in recent years (Vermeulen et
al., 2013). The TR46/Y121F/T289A mutation contributes to
high-level resistance to voriconazole (van der Linden et al.,
2013; van Ingen et al., 2014). The increase in cyp51A tran-
script levels observed in these two mutants may underlie their
azole resistance phenotypes (Mellado et al., 2007; Spiess et
al., 2014).

Transcriptional regulation of cyp51A may be mediated by
transcription factors in addition to tandem repeats in the
promoter. SrbA, a transcriptional regulator in the sterol re-
gulator element binding protein (SREBP) family, is crucial
for growth during hypoxia, sterol biosynthesis, cell polarity,
hyphal morphogenesis and virulence in A. fumigatus (Blatzer
et al., 2011). A SrbA null mutation was reported to increase
susceptibility to fluconazole and voriconazole. A plausible
explanation for this phenotype is that SrbA binds Cyp51A
and possibly regulates its activity (Willger et al., 2008; Blosser
and Cramer, 2011). Camps et al. (2012) showed that a mu-
tation in the CCAAT-binding transcription factor complex
subunit HapkE is also capable of inducing an azole-resistance
phenotype. The single amino acid-P88, which located at the
fourth exon of HapE, belongs to a conserved core domain,
and is very important for binding the regulatory CCAAT
element. Coincidentally, a CCAAT-box is present in the
promoter of cyp51A whilst the hapE mutant indeed results
in over-expression of cyp51A mRNA, indicating transcrip-
tion factor may regulate cyp51A expression in bench studies
(Camps et al., 2012). However, clinical identifications of si-
milar mutations in SrbA and HapE, have not been reported.
Thus, the relationship between transcription factors and cli-
nical azole resistance phenotypes requires further study.

As mentioned above, Cyp51B can replace Cyp51A to some
extent. Sequence analysis indicates that cyp51B has 63% iden-
tity to cyp51A, and azoles bind more tightly to Cyp51B than
Cyp51A. Bueid et al. (2013) found that, out of 12 clinical
azole-resistant isolates without mutations in Cyp51A, one
isolate has 18.7-fold higher expression of cyp51B than is
observed in wild-type strain AF293 after exposure to 1 mg/L
itraconazole, and another has higher basal expression of
cyp51B. However, data on the function of cyp51B in azole
resistance are limited.

Efflux pump-mediated azole resistance

Many azole-resistant isolates of A. fumigatus have wild-type
Cyp51A and Cyp51B sequences, indicating there are mecha-
nisms of azole resistance other than those described above
(Bueid et al., 2010; Vermeulen et al., 2013). Another well-
known azole resistance mechanism is overexpression of ef-
flux pumps, which can reduce the accumulation of drugs in
a cell by pumping the drugs out of the cell (Lamping et al.,
2010; Morschhauser, 2010).

ATP-binding cassette (ABC) transporters and members of
the major facilitator superfamily (MES) constitute the two
main types of efflux pumps. ABC transporters hydrolyze
ATP for energy, and the core structure of ABC transporters
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is composed of two nucleotide-binding domains (NBDs) and
two transmembrane domains (TMDs). MFS pumps use pro-
ton gradients across the cell membrane to drive the pump
and have multiple TMDs (Coleman and Mylonakis, 2009).
Compared with MFS pumps, ABC transporters have broader
substrate specificity and play more significant roles in clinical
studies (Cannon et al., 2009). The most extensive research on
ABC transporters focuses on the yeast Saccharomyces cer-
evisiae model (Morschhauser, 2010). Based on bioinformatic
conserved domains analysis, there are 278 different MFS
pumps and 49 ABC transporters in A. fumigatus (Rajendran
et al., 2011). The first ABC transporter to be associated with
drug resistance in A. fumigatus was AtrF, which is signifi-
cantly up-regulated when A. fumigatus is grown in the pre-
sence of itraconazole in the clinical resistant isolate AF72
(Slaven et al., 2002). To search for homologs of AtrF in A.
fumigatus, we used the AtrF protein from AF293 as the
query in a NCBI BLASTp search (http://www.ncbi.nlm.nih.
gov/BLAST/) against the AF293 genome. We obtained 28
protein homolog candidates with an e-value less than 10~
(Table 4). In addition, mutants with up-regulation of the
ABC transporter gene mdr4 show hyper-resistance to itra-
conazole (Nascimento et al., 2003). Several studies indicate
that isolates having high basal expression of the ABC trans-
porter abcB (renamed cdrIB) display stronger azole resis-
tance than do wild-type controls. Moreover, the abcB knock-
out strain consistently displays low azole tolerance (Fraczek

Table 4. The predicted AtrF analogs in A. fumigatus AF293

et al., 2013; Paul et al., 2013).

The first efflux pump to be identified as a multidrug MFS
transporter in pathogenic fungus was CaMdrl (Sun et al.,
2013; Costa et al., 2014). Studies have shown that over-ex-
pression of mdrlI is tightly correlated with clinical azole resis-
tance in C. albicans (Prasad and Rawal, 2014). Mdr3, a MFS
transporter gene, is constitutively overexpressed in itraco-
nazole-resistant A. fumigatus isolates even in the absence of
stimulation by drugs (Nascimento et al., 2003). In conclu-
sion, a number of in vitro studies have shown that over-ex-
pression of efflux pumps is tightly linked to drug resistance.
However, our understanding of efflux pump-mediated azole
resistance comes solely from bench work; the role of efflux
pumps in clinical cases of A. fumigatus azole resistance is
not yet clear.

Stress adaptation-mediated azole resistance

Many lines of evidence have shown that fungi are able to
develop drug resistance by modifying intracellular signaling
pathways involved in stress response (Cowen, 2008, 2009;
Epp et al., 2010). Several stress responses capable of contri-
buting to elevated azole resistance have been reported, in-
cluding unfolded protein response (UPR), oxidative stress
response, and membrane and cell wall stress responses in
A. fumigatus. UPR is one of the cellular response pathways
that protect cells from the burden of unfolded proteins on
the endoplasmic reticulum (ER) (Krishnan and Askew, 2014).

Number Description Length (aa) E value Identity Accession

1 ABC drug exporter AtrF 1547 0.0 100% XP_747642.1
2 ABC multidrug transporter 1453 0.0 44% XP_746942.1
3 ABC transporter 1526 0.0 41% XP_750693.1
4 ABC transporter 1485 0.0 40% XP_753693.1
5 ABC multidrug transporter 1424 0.0 40% XP_748461.2
6 ABC multidrug transporter 1472 0.0 38% XP_754878.1
7 ABC multidrug transporter 1349 0.0 41% XP_746352.2
8 ABC multidrug transporter 1499 0.0 39% XP_755847.1
9 ABC transporter 1497 0.0 38% XP_752803.1
10 ABC multidrug transporter 1469 0.0 37% XP_748116.1
11 ABC drug exporter AbcA 1452 0.0 37% XP_753111.1
12 ABC multidrug transporter 1471 0.0 38% XP_748261.1
13 ABC efflux transporter 1299 6e-72 24% XP_754651.1
14 ABC transporter 628 9e-48 29% XP_755735.2
15 ABC transporter (Adpl) 1088 2e-44 40% XP_750621.1
16 ABC multidrug transporter 1297 8e-09 29% XP_751419.1
17 ABC transporter 1604 2e-08 28% XP_753691.1
18 ABC multidrug transporter 1285 7e-08 27% XP_747730.1
19 ABC multidrug transporter Mdr1 1349 7e-08 31% XP_754025.1
20 ABC transporter 1493 2e-07 23% XP_753593.1
21 ABC multidrug transporter SitT 1315 2e-07 29% XP_748663.1
22 ABC multidrug transporter 1314 7e-07 24% XP_748687.1
23 ABC metal ion transporter 1540 le-06 26% XP_753839.1
24 ABC multidrug transporter Mdr4 1330 le-06 28% XP_752639.1
25 RNase L inhibitor of the ABC superfamily 703 le-06 24% XP_752397.1
26 ABC multidrug transporter 1287 2e-06 26% XP_747768.1
27 ABC iron exporter Atm1 727 3e-06 25% XP_751165.1
28 Vacuolar ABC heavy metal transporter (Hmt1) 873 4e-06 25% XP_749444.1




Studies have shown that the E3-ubiquitin ligase Hrd1 contri-
butes to ER-associated degradation (ERAD) in yeast (Car-
valho et al., 2006; Horn et al., 2009). Deletion of hrdA, the
gene encoding the A. fumigatus ortholog of Hrd1, stimulates
UPR and results in slightly higher resistance to the azole anti-
fungal voriconazole (Krishnan et al., 2013). Similarly, Yapl
is involved in oxidative stress response in A. fumigatus, and
mutants that harbor multiple-copy truncated Yapl protein
lacking the c-CRD domain show higher resistance to vorico-
nazole than controls (Qiao et al., 2010). The heat shock pro-
tein 90 (Hsp90) is a highly conserved molecular chaperone
protein in eukaryotes that orchestrates stress response via
interacting with numerous client proteins (Lamoth et al.,
2012; Cowen, 2013; Lamoth et al., 2014b). As a client protein
of Hsp90, calcineurin, a central component of the cellular
calcium-signaling pathway, is essential for surviving the mem-
brane stress induced by azole antifungals (Steinbach et al.,
2007). Calcineurin inhibitors reduce azole resistance, and
the combination of the Hsp90 inhibitor geldanamycin and
the calcineurin inhibitor FK506 has higher antifungal effi-
cacy against azole-resistant isolates than geldanamycin alone
(Lamoth et al., 2013). Moreover, another study indicated that
the Hsp90 K27 residue plays an important role in voricona-
zole resistance, such that either deletion of K27 or acetyla-
tionmimetic mutation (K27A) can confer resistance to vori-
conazole in A. fumigatus (Lamoth et al., 2014a). Likewise,
mutants lacking Mkk2, a cell wall integrity (CWI) signaling
kinase involved in the cell wall stress response, show increased
susceptibility to posaconazole and voriconazole (Dirr et al.,
2010). Altogether, these findings support the existence of a
less common azole resistance mechanism mediated by stress
adaptation, and suggest that intracellular signaling pathways
and their regulators may be used as anti-fungal target can-
didates in the near future.

Although all of the drug resistances discussed above are
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stable, transient resistance in fungi is also observed, and it
has been gradually garnering attention, especially in recent
years. Unstable drug resistance exists in some isolates, in
which drug resistance reverses when the isolates are grown
on drug-free media. Reversible changes in phenotype result
from epigenetic modification, which can regulate gene ex-
pression but not directly change DNA sequences. Epigenetic
modification, including DNA methylation and RNA inter-
ference (RNAI), has been studied in fungi, plants, and ani-
mals, particularly with respect to its role in human diseases
(Chung and Sidhu, 2008; Gu et al., 2014; Smialowska et al.,
2014). The rearrangement induced premeiotically (RIP) epi-
genetic mutation was first found in Neurospora crassa in
1986; subsequently, scientists launched extensive studies on
epigenetics in fungi (Montiel et al., 2006). Recently, Calo et
al. (2014) found that FK506-resistant isolates could be trans-
formed to FK506-sensitivity when growth and reproduction
occurred without drug-selective pressure. With genetic and
biochemical techniques and drug susceptibility analysis, they
demonstrated that these mutants conferred drug resistance
via an epigenetic RNA interference (RNAi)-mediated mech-
anism, referred to as epimutation or epigenetic resistance.
The existence of epimutants may answer long-standing ques-
tions about why drug resistance is not stable and changes
under different environmental conditions. Moreover, gaining
insight into RNAi-mediated transient resistance mechanisms
may suggest new ways to fight clinical drug resistance in
fungi.

Conclusion

Various antifungal susceptibility-testing methods have been
promoted by a number of governments and commercial
companies. Every method has advantages and limitations,

Fig. 1. Azole resistance pathways cur-
rently identified in A. fumigatus. (1)
point-mutations in cyp51A, (2) site-
mutated cyp5IA gene plus a tandem
repeat in cyp51A promoter, (3) over-
expression of Cyp51A through tran-
scription factors, (4) overexpression of
Cyp51B, (5) stress adaptation, (6) up-
regulation of efflux transporters.

Stress response > O

Azole resistance @
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suggesting microbiologists and clinicians need to select an
appropriate method based on individual requirements and
conditions.

Molecular mechanisms of resistance to azole agents in A.
fumigatus have been summarized and divided into three
categories: azole-targeted Cyp51-based mutants, efflux pump-
based resistance and stress adaptation-based mechanisms
(Fig. 1). Most recent findings have focused on the transient
resistance caused by epigenetic modification-referred to as
epimutation or epigenetic resistance-such as DNA methyl-
ation and RNAi. Gaining insight into the molecular mech-
anisms underlying azole resistance at the bench could lead
to efficient indications for addressing fungal drug resistances
at the bedside.
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