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ABSTRACT

Aspergillus fumigatus is the main causal agent of invasive aspergillosis (IA) although other species of
the genus can also be the cause of IA, such as A. flavus, A. terreus, A. niger and related cryptic species.
This infectious disease mainly affects immunosuppressed patients and it is linked to elevated mortality
rates. Being voriconazole (VRC) the treatment of choice for this condition, the relevant increase in the
number of azole resistant isolates in recent years has gathered alarming attention, as it translates into
a clinical failure increment as well.

In this review, we summarize and discuss the azole resistance molecular data described to date in the
most clinically prevalent sections of Aspergillus, comprising mechanisms that involve target proteins
Cyp51 and ATP Binding Cassette (ABC) or Major Facilitator Superfamily (MFS) efflux pumps. Other

resistance mechanisms proposed but not fully-characterized yet are also discussed.

Keywords: Aspergillosis, triazoles, antifungal resistance, cyp51, efflux pumps
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1. INTRODUCTION

Aspergillus is a broad fungal genus that comprises more than 300 different species ubiquitously
distributed worldwide. Several species of the genus are biotechnologically used by their ability to
produce important metabolites in the medical and industrial fields. However, Aspergillus is also
responsible of important economic losses as it can negatively affect crops. The genus is currently
organized in different subgenera and sections [1,2], being sections Fumigati, Flavi, Terrei and Nigri the
most clinically relevant due to their great impact as human opportunistic pathogens [1].

Aspergillus infections show a wide range of clinical manifestations, including infections that drive to
hypersensitive responses, such allergic Aspergillus sinusitis [3] or allergic bronchopulmonary
aspergillosis [4]; infections through skin that result in cutaneous aspergillosis [5]; aspergilloma and
chronic conditions as chronic pulmonary aspergillosis [6]. The most problematic pathology in terms of
patient outcome and disease management is invasive aspergillosis (I1A), a life-threatening condition that,
although has been reported to affect inmunocompetent patients in rare occasions [7,8], mainly affects
immunocompromised patients such those suffering from cancer, hematological malignancies, or those
subjected to chemotherapy, corticosteroid treatment and transplants [9,10]. The presentation of the
disease generally differs between neutropenic and non-neutropenic patients. IA in non-neutropenic
patients is characterized by few symptoms such as fever, cough and chest pain, while pneumonia and
higher fatality rates are found in neutropenic patients suffering IA [11].

Scarce data is available on IA epidemiology and, although A. fumigatus continues to be considered the
most frequent causal agent of the condition [12], rates of infection due to other emerging species are
uncertain and probably underestimated as a result of inaccurate molecular identification. Nonetheless,
it has been reported that cryptic species belonging to sections Flavi, Nigri and Terrei are nowadays
frequently isolated from IA patients as well [12—15]. In general, about 200,000 cases of |A are estimated
to occur every year worldwide, which seems to account for approximately only a half of the actual cases,
as a direct consequence of misdiagnosis. In fact, lack of accuracy in diagnosis or treatment strategy
makes IA mortality rates vary from 50 % to 100 % [16].

As currently stated in the aspergillosis management guidelines, the recommended treatment for IA is
voriconazole (VRC) and alternative treatments consist of liposomal amphotericin B or isavuconazole

(ISA). Other treatments used as salvage therapies are amphotericin B lipid complex, caspofungin,
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micafungin, posaconazole (PSC) and itraconazole (ITC). Additionally, PSC or VRC constitute the
prophylactic recommended measures to prevent aspergillosis [10].

Specifically, azoles have been described to target the cytochrome P450 sterol 14 a-demethylase
enzyme (Cyp51) by non-competitive binding, causing the inhibition of the demethylation of ergosterol
precursors and thus blocking ergosterol biosynthesis [17]. However, a few studies suggest that azoles
act as competitive inhibitors of Cyp51 instead, as their interactions consist of reversible and competitive
binding to iron of the heme-group and residues from its close proximity [18,19]. In any case, the result
is the accumulation of 14-methylated sterols that cause alterations in membrane fluidity and its final
disruption, which in turn reduces the activity of membrane-bound enzymes and leads to the inhibition of
cell growth and proliferation. Hence, it is believed that azoles may disrupt the ergosterol stimulating role
on growth and proliferation [17,18,20,21].

Nevertheless, the incidence of azole-resistant Asperqgillus isolates has alarmingly increased in recent
years, which is thought to develop from the use of azoles in both the clinical and agricultural settings,
and directly contributes to therapeutic failure [22—26].

The aim of this review is to compile azole resistance data described to date in the most prevalent

sections of Aspergillus.

2. AZOLE RESISTANCE

Azole resistance is considered the ability of fungal strains to overcome doses of azole drugs that exert
good antifungal activity in other susceptible isolates. The threshold values that distinguish resistant from
susceptible strains are stablished through determination of the Minimal Inhibitory Concentration (MIC)
of a drug against a broad range of strains. Specifically, MICs distribution together with pharmacokinetic
and pharmacodynamics profiles allow to establish Clinical Break Points (CBPs), which are used as
predictors to anticipate treatment effectiveness in patients.

In the case of Aspergillus species, different reference methods have been stablished to characterize
isolates in basis of their antifungal susceptibility, such the ones developed by the European Committee
on Antimicrobial Susceptibility Testing (EUCAST) and by the Clinical Laboratory Standards Institute

(CLSI) [27-30] .
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Whereas some CBPs have been stablished for a few antifungals in Asperqgillus species by the EUCAST
method [31], there are no available CBPs set by the CLSI method, although it does provide
Epidemiological Cutoff Values (ECVs) for Aspergillus instead [32,33]. ECVs categorize isolates into wild-
type (wt) and non-wild type (non-wt), being the latter indicative of decreased susceptibility towards a
particular antifungal. This susceptibility reduction can be linked to potential acquired resistance
mechanisms, although it cannot be considered a predictor of patient’s response to therapy as CBPs are
[34].

To decipher which are the mechanisms responsible for antifungal resistance, it is essential to consider
the effect of the drug within the cell. Specifically, azoles exert an inherent antifungal potency by binding
the Cyp51 protein. Nevertheless, the precise physiological effects derived from the Cyp51 inhibition on
the fungal cell biology remain unclear, and the specifics on the fungicidal effect of azoles in Aspergillus
is currently under study [35].

Traditionally, researchers have considered two fundamental aspects regarding the nature of azole
resistance in Aspergillus: the relevance of polymorphisms in Cyp51 proteins, which is related to azole
affinity decrease, and the transcriptional response of the fungus, which seems to be crucial for the fungal
adaptation towards azole stress [36]. On this basis, the most studied molecular mechanisms that
contribute to the appearance of resistant phenotypes in Aspergillus can be classified in: (i) alterations in
the Cyp51 protein that reduce the affinity between the azole drug and its target, (ii) overexpression of
the target enzyme, which increases the necessary azole levels to inhibit fungal growth and (iii)
upregulation of the efflux pumps system to decrease intracellular drug concentration. However, other
mechanisms consisting of biofilm formation, cellular stress response, drug enzymatic degradation and
activation of alternative pathways in order to bypass the drug effects, have also been proposed to

contribute to antimicrobial resistance [25,37] (Fig. 1).

2.1. cyp51 GENES

Among all the studied resistance mechanisms in Aspergillus, the Cyp51 enzyme encoded by the cyp51
gene (ERG11 in yeasts), is the major candidate for azole resistance mediation at the molecular level.

Remarkably, many filamentous ascomycetes have suffered gene duplication as occurred in Aspergillus,
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which contains varying number of cyp571 paralogs among species located in different chromosomes
throughout the genome. While some species, such A. fumigatus, A. nidulans and A. niger present two
paralogs (cyp51A and cyp51B), others as A. flavus, and A. oryzae carry three paralogs (cyp51A, cyp51B
and cypb571C) [20,25]. Additionally, A. terreus and section Nigri species A. carbonarius seem to display
three cyp51 paralogs as well, which has not been reported so far to our knowledge (accession numbers
of these proteins are XP_001218650 and OOF93749, respectively) (Fig. 2).

Very interestingly, Cyp51s share a common ancient origin, and assuming that the different cyp571
versions diverged upon evolution, we find similar sequence identities among them in Aspergillus.
However, they are evolutionarily differentiated in two lineages of paralogous proteins (Cyp51A and
Cyp51B). The third one (Cyp51C), appears to have originated from duplications of both genes, cyp51A
or cyp51B depending on the species (Fig.2). In this sense, some authors have proposed that cyp51
duplications derive from evolutionary mechanisms that govern azole toxicity adaptation [38,39]. As gene
duplications are a great source of genetic adaptive potential, if selection favored cells with additional
copies of cyp51 to have better growth under selective conditions, we should expect those strains with
two or more copies of the gene to have greater tolerance to azoles than those with only one copy.
Nevertheless, this hypothesis will need to be corroborated by future studies.

Moreover, functional analyses have demonstrated that both enzymes share the same substrate and
display comparable functions. This has been observed by heterologous expression of A. fumigatus
cyp51A and cyp51B in a Saccharomyces cerevisiae cyp51 defective mutant, which resulted in effective
complementation in terms of ergosterol content and azole tolerance [40]. In the specific case of cyp571A,
its heterologous expression in a Cyp51 defective strain of S. cerevisiae caused a decrease in azole
susceptibility, although not for all the azoles tested [40]. These findings have been reinforced by further
siRNA silencing studies in which cyp51A silencing has been seen to increase azole susceptibility in a
non-wt A. fumigatus strain [41]. By contrast, in the case of cyp51B neither its deletion nor its
heterologous expression carries any effects on azole susceptibility [40,42] (Table 1).

Whether it has been demonstrated that neither of the two cyp57 forms is individually essential in A.
fumigatus, the lack of both genes has a lethal result in this organism [42]. Curiously, deletion of cyp51A
increases azole susceptibility without altering cyp51B expression levels [43], which means that cyp51

redundancy does not lead to genetic compensation by transcriptional adaptation.
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As reviewed elsewhere, for those species carrying an additional cyp51C copy of the gene, cyp51A
characteristics could be displayed by cyp51C instead [25,39]. However, a recent study performed on
section Flavi, seems to indicate that this does not occur in this section [44]. Accordingly, further studies
are needed in order to characterize the real involvement of each Cyp51 paralog on azole response in
these species.

Taken together, the features displayed by these genes imply that cyp51A (or cyp51C in some species)
encodes major enzymatic activity and gathers greater influence in terms of azole response at the same
time. As for cyp51B, it constitutes a functional redundant enzyme that could have potential alternative

functions yet to be defined [45].

2.1.1. Cyp51 protein sequence variations

At structural level, Cyp51s are widely conserved proteins due to their essential role in ergosterol
biosynthesis and its narrow substrate specificity. Therefore, alterations in the cyp57 gene sequences
may occur in regions that do not compromise their functional activity [46]. However, polymorphisms in
azole-binding amino acids that do not compromise Cyp51 activity could decrease the affinity of the
enzyme towards these drugs [47]. Consequently, single point mutations in the cyp571A gene causing
amino acid substitutions within the Cyp51A protein have emerged as the major resistance-mediating
mechanism in Aspergillus. The presence of such mutations might alter the structure, stability and
functionality of Cyp51, thus hindering substrate recognition and eventually leading to different azole
resistance patterns [45,48]. The screening of specific variants of the cyp57 gene associated with
increased resistance to azoles has led to extensive genotyping studies, in which some Aspergillus
species (mostly A. fumigatus) have been characterized in the search of potential mutations that could
explain resistant phenotypes. It is worth mentioning, though, that some non-synonymous mutations
within the cyp51A gene initially associated with resistance, have been later reported in wt strains as well
[49,50], which suggests that some association studies can lead to errors due to the low number of strains
analyzed.

So far, Cyp51A polymorphisms in A. fumigatus consisting of amino acid substitutions in positions G54,

Y121, G138, P216, F219, M220, A284, Y431, G432, G434 and G448 have been reliably correlated with
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reduced azole susceptibility (45-59) (Table 2 and Fig. 3). In contrast, no polymorphisms in Cyp51B
seem to contribute to azole resistance in this species [25,39].

While some point mutations in A. fumigatus Cyp51A have been validated as an important resistance
mechanism, their role in azole susceptibility in other species of the genus remains unclear and poorly
studied. In fact, reports on non-wt Aspergillus spp. isolates lacking cyp57 mutations are abundant
[54,66-68]. In this regard, a mutation (S240A) in the A. flavus Cyp51C protein initially reported to reduce
VRC susceptibility [69] was later found in both, wt and non-wt strains, thus leading to the hypothesis
that it represented a geographical variation, instead [70]. Furthermore, several mutations in the three
Cyp51 enzymes (A, B and C) have been reported in A. flavus isolates with reduced VRC susceptibility,
although more studies are needed in order to validate them. This is the case of amino acid changes
R450S, K197N or the combinations K197N / D282E / M288L and Y132N / T469S, which have been
found in the Cyp51A enzyme, while in the case of the Cyp51B protein only the variation Q354K has
been reported. Finally, Y319H and the combination S196F / A324P / N423D / V465M have been
identified in Cyp51C, which is the responsible protein for the major enzymatic activity in A. flavus
[66,70,71].

Doubts on the involvement of Cyp51 mutations in azole resistance arise in the case of section Nigri, as
elevated azole MIC values cannot be explained by polymorphisms in numerous cases regarding this
section [72]. Reported Cyp51A mutations in A. niger and A. tubingensis seem to mostly account for
reduced ITC and/or VRC susceptibility. Particularly, the reported amino acid substitutions in A. niger
consist of V1041, H382R and the combination 1377V / S5071/ L511M. In the case of A. tubingensis L21F,
T321A or the combination A9V / L21F / A140V / P413S / D505E or A185G / T321A / 327S / V422l /
L492M / 1503F / Q504P have been reported [73,74].

Studies on the azole resistance of section Terrei are scarce, and to date only amino acid changes in
Cyp51A position M217 have been described to have effects on ITC and PSC susceptibility [75,76].
The reported amino acid changes to date with effects on azole susceptibility are summarized in Table 2

and represented in Fig. 3.
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2.1.2. cyp51 overexpression

Another major mechanism hypothesized to be responsible for azole resistance acquisition in Aspergillus
consists of cyp57 overexpression. It is reasonable to believe that if azoles bind the Cyp51 enzyme,
greater abundance of these proteins within the cell could rescue the fungus from the inhibitory effect of
the drugs. Therefore, differences in the expression profile of both genes could be a key aspect to
understand azole tolerance.

Despite the great similarity displayed by Cyp51 proteins, both isoenzymes diverge in their transcriptional
regulation in Aspergillus. In general terms, while cyp51A expression seems inducible by azoles, cyp51B
gene maintains a constitutive pattern of expression in A. fumigatus [18]. Furthermore, the importance
of cyp51A expression in azole resistance was proven by heterologous expression assays, in which a
decrease on A. fumigatus ITC susceptibility was conferred by the introduction of extra copies of the A.
nidulans pdmA (cyp51A) gene [77]. Still, it remains to be determined if that same effect occurs for the
cyp51B gene.

On this basis, one would expect a clear correlation between cyp51A expression and resistance.
However, numerous studies present patterns of expression that do not fit this hypothesis. For instance,
in a study where A. fumigatus clinical isolates didn’t show either cyp571A point mutations nor cyp51A
overexpression, cyp51B was overexpressed in one of the non-wt strains tested [78], suggesting that
cyp51B is not constitutively expressed in all strains and that it could be, unusually, involved in azole
response as well.

Regarding other species of the genus, cyp571A and cyp51B expression levels in A. flavus do not seem
to be related to VRC resistance. As a matter of fact, the expression profiles of these genes barely vary
among wt and non-wt strains, even after exposure to azole [44,69]. Moreover, cyp51C displays very
low expression levels compared to its paralogous, and its expression is not induced by VRC [44]. This
leads us to think that sterol 14a-demethylase activity in this species is mainly due to the expression of
cyp51A and cyp51B genes, even though cyp57C had been initially accepted to account for this [25,39].
Similarly, it has been shown that transcript levels of cyp51A and cyp51B cannot explain azole resistance
in species from section Nigri. Specifically, cyp51 basal expression does not appear to be related to azole
susceptibility [74,79] and, despite cyp51A is up-regulated after azole exposure, cyp51B displayes a low

constitutive expression in contrast [79]. This seems to indicate that Cyp51A is the major player on azole
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response in this section, even though expression profiles do not show correlation with azole
susceptibility.

In addition, there are specific cases in which overexpression of cyp57 occurs along with other factors
also associated with resistance, which makes it difficult to establish reliable associations. In fact,
overexpression of cyp51A gene was detected in 4 out of 5 non-wt isolates of A. flavus [80] that also
displayed increased mdr1 (multidrug efflux pump) transcript levels, making difficult to distinguish the
degree of involvement in azole resistance of cyp51A or mdr1 by themselves. Similar results have been
also reported in a recent study on A. flavus, despite in this case overexpression of cyp51A, cyp51B and
cyp51C along with mdr1, mdr2, atrF and mfs1 (multidrug efflux pumps) was found in a single non-wt
isolate [71].

The transcriptional upregulation of cyp57 is the result of an efficient response to azole toxicity carried
by transcription factors and transcriptional activators regulation. In certain cases where there are tandem
repeats (TRs) of 34 bp (TRs4), 46 bp (TRa4s) or 53 bp (TRs3) in the promoter region of A. fumigatus
cyp51A, the expression of this gene is enhanced [81-84]. TRs have been observed in strains that
display ITC and VRC reduced susceptibility [84]. However, they are frequently found in combination with
amino acid substitutions (TR34/ L98H, TR4s/ Y121F and TR4s/ T289A) in the cyp51A of non-wt strains
[81,85,86] with the exception of TRs3, which has not been linked to any other cyp571A modification [87].
It is hard to distinguish whether TRs or point mutations are responsible for the resistance phenotypes in
the case of TRs4 and TRa4s, and so, mutant strains harboring TRs4 or TR4s alone or in combination with
different amino acid substitutions were generated and characterized. Results show that strains with TRs
display increased expression of cyp51A, suggesting that these sequences could act as transcriptional
enhancers indeed. However, the contribution of these TRs to azole resistance seems to be insignificant
[82,83].

As sterol biosynthesis is highly regulated, many genes coding for enzymes of this pathway harbor sterol
regulatory binding elements in their promoter regions [88]. Regarding transcription factors (TF) that
regulate Aspergillus cyp51 expression relatively little is known. Recent studies have identified TFs that
bind to A. fumigatus cyp51 promoters and regulate their expression, such SrbA, HapE and AtrR. In
particular, SrbA is a transcriptional regulator that belongs to the sterol binding protein (SREBP) family.

This regulator has been described to participate in fungal growth during hypoxia conditions, sterol

10
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biosynthesis, cell polarity, hyphal morphogenesis, A. fumigatus virulence and cyp51 transcriptional
regulation, as its deletion increases azole susceptibility [89,90]. HapE is a CCAAT-binding transcription
factor complex subunit that regulates negatively the transcription of cyp571A. A single mutation in the
amino acid position 88 of this negative regulator as well as its deletion cause overexpression of cyp51A,
with a decrease on azole susceptibility as a result [91]. Additionally, recent investigations towards the
role of the Zinc finger AtrR have revealed that this TF regulates cyp57 expression among many other
genes, and its deletion in A. fumigatus not only reduces cyp51A and cyp51B transcription, but also
virulence, indicating the essential role of this TF in fungal pathogenesis and resistance [92,93].

Additionally, cytochrome bs CybE has been also found to regulate cyp57A transcription levels in A.
fumigatus. In this particular case, deletion of cybE resulted in the compensatory upregulation of cyp571A;
however, its deletion also caused an increase in the VRC susceptibility and accumulation of the

ergosterol precursor eburicol [94].

2.2. MULTIDRUG EFFLUX PUMPS

Multidrug efflux pumps consist of transmembrane proteins that mediate active extrusion of antimicrobial
molecules or toxic compounds and endogenous metabolites to the extracellular space [95]. Thus, efflux
activity constitutes a determinant factor to be considered in drug resistance and fungal survival.
Considering the great number of efflux—pump protein coding genes present in the Aspergillus genome,
functional reduncancy could be expected in terms of antifungal transport [96].

Currently, two types of efflux superfamilies are known to modulate azole extrusion from the fungal cell:
the ATP-binding cassette (ABC) and the major facilitator superfamily (MFS) transporters. Both the
structure and the mechanisms of action differ between the two types of proteins. ABC transporters are
constituted by two transmembrane and two cytoplasmic nucleotide-binding domains and use the energy
derived from ATP hydrolysis to extrude the substrate across the membrane, while MFS transporters
contain 12-14 transmembrane domains and in almost all cases use proton-motive force to accomplish
drug efflux [97,98]. There are 45 ABC and 275 MFS transporters identified in the A. fumigatus genome
[99], although only a few of them have been identified as drug transporters, which are also referred as
multi-drug resistance (MDR) or pleiotropic drug-resistance (PDR) proteins [100]. To elucidate the

contribution of efflux pumps into azole resistance, intensive research by means of expression analysis
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and site-directed mutagenesis has been performed in A. fumigatus and, to a lesser extend, in other
Aspergillus species. In most cases, the overexpression of these transporters could cause the
intracellular drug levels not to reach the necessary levels to be effective against the fungal cell [97].
However, their expression does not show a clear correlation with azole MIC values (Table 1).

ABC transporters investigated in terms of azole resistance so far include cdr1B, mdr1, mdr2, mdr3,
mdr4, abcD, abcE, atrl, atrB, atrC and atrF. In the case of A. fumigatus, cdr1B (abcB) has been reported
to contribute to azole resistance since its disruption largely increases azole susceptibility [68,101,102],
demonstrating its importance in azole resistance. Nonetheless, despite its clear upregulation upon VRC
exposure [103], its relevance in the underlying resistance mechanisms remains uncertain. This
transporter has been also found to be important in A. flavus VRC resistance, as it was found to be more
expressed than other efflux pumps investigated (mdr2, mdr4, mfs1 and atrF) in basal conditions and
upregulated upon azole exposure [44]. However, this observation is not completely reliable considering
the limited number of analyzed strains and the fact that only a few non-wt strains exhibited
overexpression of these transporters.

In addition, deletion of the ABC transporters mdr1 (abcA), mdr2, mdr3 and mdr4 in A. fumigatus does
not have any clear effect in azole susceptibility, although mdr1 expression is highly induced by ITC and
VRC. Moreover, non-wt isolates have been reported to show upregulation of theses efflux pumps under
azole exposure on A. fumigatus and other Aspergillus species, although when overexpressed, azole
susceptibility was not always reduced [52,68,71,80,101,103—105]. Similarly, less studied transporters
abcD, abcE, atrl and atrF also showed patterns of upregulation under azole induction in A. fumigatus
and A. flavus, being their expression commonly higher in non-wt strains [99,103—-106].

With regard to the MFS transporters, there are fewer published studies and those analyzed so far only
include mdrA, mfs56, mfs1, mfsA, mfsB and mfsC. Among them just mdrA and mfs56 have been studied
through deletion experiments in A. fumigatus resulting in an increase of ITC and VRC susceptibility in
AmdrA mutant [99], while the disruption of mfs56 did not affect azole susceptibility [68], thus indicating
its minor importance in azole resistance events. Regarding gene expression responses during azole
exposure, only mfsA, mfsB and mfsC have been confirmed to be upregulated in A. fumigatus. [103] In
the case of A. flavus, transporter mfs1 expression has been studied under VRC exposure, showing no

correlation with azole susceptibility [44].
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An important limitation of these studies, though, lies in the few strains tested in every case (in some
cases, analyses are limited to only one strain), thus not allowing generalization and extrapolation of
results. Further studies are needed in order to better understand the real involvement of efflux pumps

in azole resistance in Aspergillus.

2.3. OTHER RESISTANCE MECHANISMS

Even though it is widely accepted that azole-related ergosterol depletion is the main cause of fungal
viability and growth inhibition, little is known about the exact mechanism triggered by azoles to exert
their fungicidal effect on Aspergillus. In this context, it has been reported that resistant events, although
proven to be mediated by Cyp51, could result from the cellular stress responses displayed by the fungal
cell or other molecular mechanisms. As a matter of fact, the cell wall integrity pathway as well as other
intracellular pathways have been recently identified by several investigations to play a role in Aspergillus

azole response and resistance, as will be further explained.

2.3.1. Amino acid substitutions in HMG-CoA

Ergosterol biosynthesis takes place in a complex pathway that seems to be specific to fungal taxa and
includes about 20 different enzymes [107]. The catalysis of the first step in this metabolic pathway is
carried by the 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMG-CoA) protein [88], encoded by
the hmg1 gene in A. fumigatus. This enzyme, contains a sterol-sensing domain, which is involved in the
negative regulation of its own reductase activity through direct interaction with sterols [108] and recently,
mutations located at the beginning of this sensing domain have been described as candidate mediators
of azole resistance. As a matter of fact, in a recent study, 52% of the clinical A. fumigatus non-wt isolates
tested were found to contain mutations in this protein. Specifically, mutations F262del, S305P, P309L
and 1412S notably increased VRC, PSC, ITC and ISA MICs leading to an accumulation of ergosterol
precursors without altering cyp51 gene expression [108]. Moreover, introduction of three of these
mutations (F262del, S305P and 1412S) in a wt genetic background resulted in a reduction in the triazole
susceptibility and the correction of these substitutions restored susceptibility [108]. Mutations in the

hmg1 gene have also been studied in another study, however the substitution S269F (potentially
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involved in azole resistance), did not have any effects in azole susceptibility when introduced in awt

isolate, thus discarding any role in azole resistance [109].

2.3.2. Stress response

One of the effects resulting from azole exposure is the induction of mitochondrial reactive oxygen
species (ROS) production, which seems to contribute to inhibit fungal growth. As azoles promote the
accumulation of ROS, the involvement of the mitochondrial complex constitutes a field of interest in
terms of azole resistance. Inhibition of mitochondrial complex | has been shown to abolish the release
of deleterious ROS in an azole-exposed A. fumigatus [110]. In addition, amino acid substitution E180D
in the mitochondrial complex | subunit 29.9 kD has been found in azole-resistant A. fumigatus isolates,
suggesting that resistance could arise from the complex | activity loss. Moreover, inhibition of this
mitochondrial complex led to azole resistance in A. fumigatus [111].

The importance of mitochondria in azole response has also been described in other studies. As a matter
of fact, it has been recently reported that VRC induces a sequence of events that include a cytoplasm
sudden expulsive release, arrest of mitochondrial dynamics, mitochondrial fragmentation and final lysis
of the mitochondria, which eventually leads to fungal death in A. fumigatus [35]. This clearly suggests
an essential involvement of mitochondria in azole response, though not-fully characterized yet.

The connection between oxidative stress adaptation and azole resistance is reinforced by previous
studies on Yap1, a transcription factor that regulates defense mechanism against ROS and azole
antifungal drugs in A. fumigatus [112,113]. When truncated, this version of the yap7 gene has been
observed to confer attenuated susceptibility to VRC [112]. Yap1 has also been considered to participate
in VRC resistance in A. flavus, since a point mutation causing the amino acid substitution L558W in this
factor led to ATP transporter atrF upregulation, which in turn is correlated to low VRC susceptibility
[114].

Recently, many signaling pathways have been also shown to mediate responses to azole toxicity and
play key roles in azole tolerance. For instance, it has been proven that compromising Hsp90 function,
one of the most studied stress-related proteins, enhances the activity of many antifungal drugs. This

protein is a molecular chaperone that interacts with a diverse amount of proteins by which gene
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expression is controlled during stress conditions. Among others, Hsp90 activates phosphatase
calcineurin by interacting with its catalytic subunit to regulate stress response, including azole-induced
stress in A. fumigatus. Inhibition of Hsp90 (with geldanamycin) or calcineurin (with FK506) increases
azole susceptibility, proving the involvement of these proteins in azole resistance [115,116].

Likewise, the Damage Resistance Protein (Dap) family, which comprise DapA, DapB and DapC,
responds to azole stress and controls ergosterol biosynthesis by SrbA regulation. Specifically, deletion
of dapA increases azole susceptibility, therefore demonstrating its potential involvement in azole
resistance [117,118].

The calcium-signaling pathway also constitutes another example of this kind. While the role of the Ca?*-
mediated signal transduction in growth, development, proliferation, secretion, transportation and stress-
response is well recognized, adaptation to drug toxicity could also involve this signaling pathway in fungi
[119]. After ITC exposure, induction of calcium signaling is achieved, thus proving the role of the pathway
in the azole-inducing stress response. Moreover, deletion of genes of this pathway cnaA or crzA
increase azole susceptibility [120].

An additional example in this field is the case of the stress-related cell wall integrity pathway.
Interestingly, a recent study has provided details into the cellular chain of events promoted by azoles
that lead to A. fumigatus death. Curiously, they seem to be related to increased -1,3-glucan synthesis
in patches all along the hyphae walls that deform the cell membrane and trigger cell wall stress. After
this, the cell wall salvage system is activated, leading to fungal cell integrity failure and death [35].
Furthermore, the disruption of the A. fumigatus Mkk2 signaling kinase, which is a central modulator of
the cell wall biosynthesis and organization, results in an increase of the susceptibility towards PSC and
VRC as well as a reduction in the virulence and the adherence of this species [121]. Also in the context
of A. fumigatus cell wall integrity, loss of the endoplasmic reticulum localized protein PerA is associated
to impaired cell wall integrity and increased susceptibility to triazoles [122], showing evidence of the cell

wall integrity pathway importance in azole response.
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2.3.3. Biofilm formation

Biofilms are structured microbial cells populations attached onto surfaces and embedded in a self-
produced extracellular cell matrix (ECM) made of polysaccharides. Fungal biofiims display reduced
susceptibility to the host immune system as well as antifungal drugs in comparison to planktonic cells,
which is thought to arise from the own biofilm structural complexity, the protection provided by ECM and
the up-regulation of efflux pump genes [123,124].

In this context, there are some proposals on how biofilm takes part in A. fumigatus azole resistance. It
seems that the cell density reached in a mature biofilm might hinder drug penetration, a similar effect
hypothesized in the case of the ECM role in azole resistance, as its hydrophobic nature cohesively binds
hyphae [125]. Additionally, up-regulation of the ABC transporter mdr4 has also been observed in A.

fumigatus biofilm, which could contribute to azole resistance [95].

2.3.4. Cholesterol import

Another mechanism that has been suggested to be involved in Aspergillus azole resistance consists of
exogenous cholesterol import [126]. It has been demonstrated that exogenous cholesterol import in A.
fumigatus is a very regulated process linked to enhanced fungal growth. Interestingly, this import is
enhanced by the presence of azoles and attenuates their effects, probably due to the fact that although
imported cholesterol seems to be stored in lipid particles, some of it is also incorporated into the fungal
membrane. This suggests a possible compensation of fungal ergosterol depletion, which in turns seems

to be related to negative consequences in terms of azoles efficacy [127].

3. CONCLUSION

Although in the last years genetic and molecular studies have shed light on our knowledge of different
mechanisms contributing to azole resistance, it is clear that azole resistance is a complex and
multifactorial event that requires several elements. To date, resistance mechanisms are not fully
characterized in A. fumigatus, which is the most prevalent |A-causing species, and there is much to

explore in the emergent species A. flavus, A. niger and cryptic species. In this sense, more studies
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comprising a higher number of isolates are necessary to determine the real importance of every one of
these factors as well as to clarify controversy around the most studied mechanisms, such cyp517
overexpression and the contribution of multidrug efflux pumps. Another limitation of major concern
regarding Cyp51 amino acid substitutions is the fact that although there are studies that carry out deep
analyses on amino acid substitutions that evidence azole binding impairment by structural protein
changes, many other studies do not conduct considerations on the location of the mutations (i.e. near
the heme group or the azole binding residues), resulting in unreliable associations between amino acid
substitutions and azole resistance.

Addressing these limitations will be of major significance to really understand the molecular mechanisms
of azole resistance in Aspergillus. In addition, multiple lines of evidence converge into the hypothesis
that intracellular stress response constitutes another key factor in azole tolerance, corroborating the
complexity of drug resistance. It will be essential to go in depth in the study of these pathways, as well
as potential other mechanisms, as drug degradation or activation of alternative pathways to bypass the
drug effects. To do so, as elsewhere proposed [128], further analysis based on forward genetics, by
generation of drug-resistant mutants and genetic screening on wt and non-wt strains, will reveal the

gene networks mediating resistance to azoles in Aspergillus.
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Figure 1. Summary on azole resistance mechanisms described in Aspergillus.

Figure 2. Cyp51 phylogenetic tree of Aspergillus. Sequences were retrieved from the JGI and AspGD
databases and the phylogenetic tree was constructed by MEGA?7 software. Genome localization of the

cyp51 genes is indicated as SC (Supercontig), S (Scaffold) and C (Chromosome).

Figure 3. Cyp51 amino acids involved in azole resistance in the Cyp51A protein in A. fumigatus (a), A.
flavus (b), A. niger (c), A. tubingensis (d) and A. terreus (e); Cyp51B (f) and Cyp51C (g) from A. flavus.
Conserved domains are highlighted: transmembrane domains associated to the endoplasmic reticulum

(black) and cytoplasmic regions (grey)
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907 Table 1. Reported A. fumigatus genes involved in azole resistance.

Gene Accession n° Mutant phenotypes Expression studies

Ergosterol synthesis

Increased azole susceptibility without cyp51B Induced by azoles [18]

cypb1A Afu4g06890 expression alteration [43] Overexpression reduces azole susceptibility [77]
P Silencing by siRNA increases azole susceptibility [41]
cyp51B Afu7g03740 No effect on azole susceptibility [42] Not induced by azoles [18]
ABC transporters
car1B (abeh, Afu1g14330 Large i in azol ibility [68,101,102]  Upregulated by VRC [103
abcC, atrG) ulg arge increase in azole susceptibility [68, ,102] pregulated by [103]
No effect on in vitro azole susceptibility [68] . . .
mdr1 (abcA’) Afu5g06070 mdr1 overproduction results increases in vivo azole Highly induced _by VRC and lTC and occasionally
overexpressed in non-wt strains [101,103,104]
tolerance [101]
mdr2 Afu4g10000 No effect on azole susceptibility [68] Overexpressed in non-wt strains [104]
mdr3 Afu3g03500 No effect on azole susceptibility [68] Overexpressed in non-wt strains [52,104]
mdr4 Afu1g12690 No effect on azole susceptibility [68] Occasionally upregulated by ITC [52,104]
abcD Afu6g03470 - Upregulated by VRC [103]
abcE Afu7g00480 - Upregulated by VRC [103]
atrl Afu3g07300 - Higher expression in non-wt strains [99]
atrF Afu6g04360 No effect on azole susceptibility [68] g‘g"{g’éﬁ”e“ed and upregulated by ITC in non-wt strains
MFS transporters
mdrA Afu1g13800 Increased susceptibility towards ITC and VRC [99] -
. - Overexpressed in some non-wt strains but no general
mfs56 Afu1g05010 No effect in azole susceptibility [68] correlation to MICs [68]
mfsA Afu8g05710 - Upregulated by VRC [103]
mfsB Afu1g15490 - Upregulated by VRC [103]
mfsC Afu1g03200 - Upregulated by VRC [103]
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910 Table 2. Reported amino acid changes in Cyp51 with effects in azole susceptibility.

Species Substitution Reduced susceptibility

A. fumigatus G54R, -W, -E, -K @ ITC and/or POS [51,52]
Y121F e VRC [58]
G138C, -S @ ITC, PSC, VRC [59,65]
P216L @ ITC, PSC [55,61,63]
F219l,-C, -S @ ITC, PSC [54,55,59]
M220V, K, -T, -l @ ITC and/or POS and/or VRC [59,60,64]
A284T @ ITC, PSC, VRC [63]
Y431C, -S 2 PSC, VRC and/or ITC [56,61,65]
G432S @ ITC [57]
G434C @ ITC, PSC, VRC [61,65]
(G448S @ ITC, VRC [53,62]
TR34/L98H @ ITC, PSC, VRC [81,85]
TR46/Y121F/T289A @ VRC [86]
TR53 @ ITC, VRC [84]

A. flavus Y132N/T469S @ VRC [66]
K197N @ VRC [66]
K197N/D282E/M288L 2 VRC [66]
R450S @ VRC [71]
Q354K b VRC [71]
S196F/A324P/N423D/V465M © VRC [71]
Y319H © VRC [70]

A. niger V1041 @ ITC [74]
H382R a ITC [74]
1377V/S5071/L511M 2 ITC, VRC [74]

A. tubingensis L21F @ ITC and / or PSC [73,74]
A9V/L21F/A140V/P413S/D505E @ ITC [74]
T321A 2 VRC [74]
A185G/T321A/N327S/V4221/L492M/1503F/Q504P 2 ITC, VRC [74]

A. terreus M217T, -V, -l @ PSC and/or ITC [75,76]
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912 Notes: 2 substitution present in Cyp51A;  substitution present in Cyp51B; ¢ substitution present in Cyp51C
913  Abbreviations: ITC, itraconazole; PSC, posaconazole; VRC, voriconazol
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