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Annual growth of triazole resistance
showing an increasing pattern during
the study period.

A total of 1648 journal articles were
retrieved with an average of 20.46
citations per article.
The United States of America (n=446;
27.06%) ranked first in productivity
followed by the United Kingdom (UK)
(n=176; 10.68%), and China (n=133;
8.07%).
Radboud University Nijmegen Medical
Centre (n=69, 4.19%) in the Netherlands
ranked first in productivity, while the
journal Antimicrobial Agents and
Chemotherapy ranked first (n=255;
15.47%) in publishing articles on triazole
resistance.

Top ten active countries in
publishing documents on triazole resistance

However, when these institutions
were re-ranked based on the
percentage of publications with
high citations (i.e., >50 citations
per article), University of Texas
Health Science Center at San
Antonio ranked first with more
than of 60% of its publications
being highly cited followed by
Centre Hospitalier Universitaire
Vaudois.

Mapping mechanisms of resistance, using the related keywords in title/abstract of 410 articles
retrieved, showed that efflux pump and mutations in target enzyme are major mechanisms
described in resistance to triazoles. The keywords cyp51a, voriconazole, itraconazole,
Aspergillus species, and Aspergillus fumigatus were clustered together.

Aspergillus lentulus seems to represent only a small proportion
(<3%) of all Aspergillus spp. of the section Fumigati isolated in
clinical specimens. However, it may account for a substantial
proportion (10–30%) of azole-resistant isolates that are
morphologically classified as A. fumigatus.

Antifungal susceptibility testing (AST)
may be useful because of the
unpredictable susceptibility profile of
these species

Antifungal drugs
and their targets

Cowen and Steinbach,
Eukaryot. Cell, 2008

Antifungal drug resistance mechanisms of select fungal pathogens
Antifungal drug class

Description
Candida albicans

Cryptococcus neoformans

Aspergillus fumigatus

Polyene

Reduced-ergosterol-content;
related species with reduced
intrinsic susceptibility, C.
lusitaniae

Defective sterol delta8-7
isomerase activity

Related species with reduced
intrinsic susceptibility, A.
terreus

Triazole

Mutation or overexpression of
target P450DM (Erg11),
constitutive upregulation of
multidrug transporters, loss of
function of Erg3, Hsp90- and
calcineurin-mediated stress
responses; related species with
reduced intrinsic susceptibilities,
C. krusei and C. glabrata

Mutation or overexpression of
target P450DM (Erg11),
constitutive upregulation of
multidrug transporters

Mutation or overexpression of
target P450DM (Cyp51),
constitutive upregulation of
multidrug transporters,
reduced drug penetration

Echinocandin

Mutation of target Fks1,
compensatory synthesis of cell
wall components, PKC cell wall
integrity signaling; related species
with reduced intrinsic
susceptibilities, C. guilliermondii
and C. parapsilosis

Intrinsic clinical resistance

Mutation of target Fks1,
compensatory synthesis of cell
wall components, calcineurinmediated stress responses

Cowen and Steinbach ,Eukaryot. Cell, 2008

Mutations detected in the cyp51 gene of azoleresistant Aspergillus fumigatus isolates

Howard and Arendrup, Med
Mycol 2011
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Diagram of the A. fumigatus cyp51A gene and promoter showing the locations of the gene
modifications. (A) Wild-type strain CM237; (B) azole-resistant strain CM2627

Basic drug resistance mechanisms and the corresponding azole resistance mechanisms in
A. fumigatus. Drug resistance mechanisms are categorized into five basic types. The
underlying molecular mechanisms identified in A. fumigatus are shown in red text.

The antifungal drug efflux transporters identified in these studies
were suggested to participate in azole resistance of A. fumigatus;
however, this hypothesis will need further approaches to be verified.

Molecular mechanisms in triazole-resistant A.
fumigatus (TRAF)
 Triazole resistance primarily occurs due to mutations in
the azole target protein, lanosterol 14 a-demethylase,
encoded by the cyp51A gene in A. fumigatus.
 The most frequent cyp51A hotspot mutations in A.
fumigatus are G54, M220, G448 and G138, which have
been confirmed to confer triazole resistance in A.
fumigatus through gene replacement experiments.
 In addition, mutations at L98 and Y121/T289 combined
with tandem repeats of 34 bp and 46 bp, respectively, are
associated with azole resistance.

Routes of resistance development and the underlying molecular mechanisms reported in clinical or environmental A. fumigatus isolates

•
•
•
•

First described isolation of TRAF harboring the
G54E cyp51A mutation from environmental
samples in India, Romania, and Tanzania.
This mutation is so far considered a de novo
mutation arising primarily due to prolonged
human exposure to azoles.
A single resistance mechanism, the G54E
mutation, was found in 16 samples from three
countries.
This mechanism was responsible for 46.4% of
resistant isolates from Tanzania, 30.4% from
Romania, and 20.0% from India.

•

•
•

The G54E isolates revealed high MICs of itraconazole
and posaconazole and were cross-resistant to
agricultural fungicides.
The majority of the Romanian and Tanzanian G54E
isolates had an identical genotype.
Despite a genetic heterogeneity of TRAF strains
harboring the G54E mutation in the countries’
environment, it may be anticipated that long-term
exposure of A. fumigatus to fungicides may induce
selection of G54 mutants in the environment.

Nine consecutive isogenic Aspergillus fumigatus isolates cultured from a patient with aspergilloma
were investigated for azole resistance. The first cultured isolate showed a wild-type phenotype, but
four azole-resistant phenotypes were observed in the subsequent eight isolates. Four mutations were
found in the cyp51A gene of these isolates, leading to the substitutions A9T, G54E, P216L, and F219I.
Only G54 substitutions were previously proved to be associated with azole resistance. Isolates
harboring F219I evolved further into a pan-azole-resistant phenotype, indicating an additional
acquisition of a non-cyp51A-mediated resistance mechanism.

Review of the literature showed that in
patients who develop azole resistance
during therapy, multiple resistance
mechanisms commonly emerge.
Furthermore, the median time between
the last cultured wild-type isolate and the
first azole-resistant isolate was 4 months
(range, 3 weeks to 23 months), indicating
a rapid induction of resistance.

Kolwijck E, Am J Respir Crit Care Med. 2016;193:927-9.

Kolwijck E, Am J Respir Crit Care Med. 2016;193:927-9.

“We hypothesized that in regions with TR34/L98H and
TR46/Y121F/T289A environmental mutations, individual pulmonary
lesions may arise from A. fumigatus strains with different azole
resistance profiles.
In patients 2 and 3, initial diagnosis indicated voriconazole
susceptible disease, but during voriconazole therapy, resistance
emerged in cultures, possibly as a result of azole selection pressure.
Our observation questions the use of azole monotherapy in regions
with TR34/L98H and TR46/Y121F/T289A environmental mutations,
as even in patients with azole-susceptible A. fumigatus, one cannot
be fully confident that azole-resistance is not present.
Although the frequency of Aspergillus coinfection is unknown, we
believe that our current diagnostic and treatment strategies need to
be reassessed.”

The authors explore the adaptation strategies
of A. fumigatus in relation to azole resistance
selection and the clinical implications thereof
for management of diseases caused by
Aspergillus spp.
The authors hypothesize that the current
diagnostic tools and treatment strategies do
not take into account the biology of the
fungus and might result in an increased
likelihood of fungal persistence in patients.
The process of reproduction—i.e. sexual,
parasexual, or asexual—is probably crucial
for the adaptive potential of Aspergillus spp.
As any change in the environment can
provoke adaptation, switching between
triazoles in patients with chronic pulmonary
aspergillosis might result in a high-level pantriazole-resistant phenotype through the
accumulation of resistance mutations.

Alternatively, when triazole therapy is stopped,
an azole-free environment is created that
could prompt selection for compensatory
mutations that overcome any fitness costs that
are expected to accompany resistance
development. As a consequence, starting,
switching, and stopping azole therapy has the
risk of selecting for highly resistant strains with
wildtype fitness.

In cystic fibrosis, A. fumigatus is thought to form hyphal
networks that resemble biofilm structures, where the
fungus can be captured in a hyphal state. Because lungs
typically harbor genetically diverse A. fumigatus spores, this
might be a condition in which parasexual recombination can
occur. Thus, fusion of hyphae allows the nuclei to fuse as
well, resulting in a temporally diploid phase in which mitotic
recombination might occur, before reverting to the normal
haploid stage (Verweij et al., Lancet Infect Dis. 2016).

Microbial surveillance has been recognized as a fundamental component of resistance management.
However, the question is how azole resistance surveillance can best performed, especially if
resistance frequencies are used to guide empirical antifungal treatment decisions.

 Can we use unselected clinical A. fumigatus isolates?
 Or should isolates from selected respiratory specimens and from normally sterile sites be
included?
 Or should we only use isolates from patients with documented Aspergillus disease, such
as IA?
Shown is the impact of the denominator on the resistance frequency in azole resistance
surveillance. Resistance rates are calculated for a theoretical population of 200 AML
patients, with a 10% prevalence of IA and 33% culture positivity.

From resistance frequency to treatment strategy
 An expert panel recommended reconsidering the use of azole
monotherapy in regions with azole resistance rates exceeding 10%.
Alternative empirical therapy included either liposomal
amphotericin B or voriconazole and echinocandin combination
therapy (Verweij et al., Drug Resist Updat 2015).
 The recommended 10% threshold may help to decide locally
whether moving away from azole monotherapy is appropriate.
Unfortunately, resistance rates may vary over time, thus
necessitating continuous or repeated audits (Verweij et al., J
Antimicrob Chemother 2016).
 In addition to resistance frequency, patient factors should also be
considered. Patients that require admission to the ICU may benefit
from an alternative empirical therapy, in a setting with a significant
proportion of azole resistance (Verweij et al., J Antimicrob
Chemother 2016).

To determine the prevalence of IA by
azole-resistant A. fumigatus at the ICU
among patients receiving antifungal
treatment and to follow their clinical
outcome and prognosis.
Of 9,121 admitted ICU-patients, 136 had
received antifungal treatment for
suspected IA, of which 38 had a positive
A. fumigatus culture.
Ten of the 38 patients harbored at least
one azole-resistant isolate. Resistance
mechanisms consisted of alterations in
the cyp51A gene, more specific
TR34/L98H and TR46/T289A/Y121F.
Microsatellite typing did not show clonal
relatedness, though isolates from two
patients were genetically related.

Mortality Rates in Patients with Invasive Aspergillosis as
Reported in Different time Periods

 Azole-resistant aspergillosis in high-risk patients with
hematological malignancy or hematopoietic stem cell
transplantation (HSCT) is a cause of concern.
 The authors examined changes over time in triazole minimum
inhibitory concentrations (MICs) of 290 sequential Aspergillus
isolates recovered from respiratory sources during 1999–2002
(before introduction of the Aspergillus-potent triazoles
voriconazole and posaconazole) and 2003–2015 at MD Anderson
Cancer Center.
 For the 107 patients with hematologic cancer and/or HSCT with
invasive pulmonary aspergillosis (IPA), the authors correlated in
vitro susceptibility with 42-day mortality.

Shown is survival curves for patients who had either azole
wild-type or azole non-wild-type IPA. A, Kaplan-Meier
survival curve. B, Adjusted Kaplan-Meier survival curve.
No significant differences in 42-day mortality were seen in
19 cases compared to 88 controls.

Non-WT MICs were found in 37 (13%) A. fumigatus isolates
and was only low level (MIC <8 mg/L) in all isolates.
Shown is crude mortality within 42 days in patients with
IPA according to various MIC cutoffs of the A. fumigatus
isolates.
There was no correlation between in vitro MICs and 42-day
mortality in patients with IPA, irrespective of antifungal
treatment.

Concluding remarks
Of 37 non-WT A. fumigatus isolates, there
were no cyp51A-dependent mutations
identified to explain this resistance, including
the prominent TR46/Y121F/T289A. Hence,
other mechanisms, such as drug efflux or even
reduced azole import (Esquivel et al.,
Antimicrob Agents Chemother 2015) to
maintain low intracellular azole levels, could be
operating in clinical isolates, at least in
hematology patients.
Assessment of mortality following the
diagnosis of aspergillosis in this time frame is
considered more appropriate as several
competing causes of death exist in this patient
population. No decisions regarding
type/intensity of antifungal treatment were
made by the treating physician based on
knowledge of the MICs.

CLSI has not defined clinical breakpoints for
Aspergillus species, and the European
Committee on Antimicrobial Susceptibility
Testing has defined limited species and drug
values (Espinel-Ingroff et al., J Clin Microbiol
2010). What determines WT and non-WT is
currently based only on epidemiological and
probabilistic concepts based on antifungal
PK/PD relationships.
The lack of differences in survival in IPA caused
by susceptible vs nonsusceptible aspergilli
might be due to practice patterns
(such as the frequent use of combination
therapy in the study cohort) or to biological
factors (such as compensatory evolutionary
genetic changes and subsequent “fitness cost”
of the latter) (Verweij et al. Lancet Infect Dis
2016), or a combination of both.

Findings from these studies …..
• ….. call for an increased awareness especially at
clinical microbiology laboratories, which ideally
would lead to susceptibility testing of all clinically
relevant isolates by reference or validated
methods.
• Moreover, novel diagnostic approaches for nonculturable pathogens are warranted and especially
DNA-based detection by PCR may serve as a solid
complimentary tool for improved diagnostics of
invasive fungal infections, including aspergillosis.

 Invasive fungal diseases, including those caused by (multi)drugresistant Candida and Aspergillus species, still represent global
public health concerns. Information about the antifungal
susceptibility testing (AFST) of fungal isolates must be quickly
produced to help clinicians in administrating appropriate antifungal
therapies.
 Particular attention is given to the new approaches based on genetic
or phenotypic recognition of antifungal resistance. Overall, these
approaches provide a rapid, reliable means of identifying those
fungal isolates with phenotypically detectable acquired resistance
mechanisms, independently from the clinical susceptibility
categorization of the isolates as obtained in a classical AFST way.

 It has been suggested that very soon we shall not need breakpoints and
recommendations for phenotypic susceptibility testing as these will be
replaced by genetic methods.
 This of course hinges on the ability of genetic methods to predict not only
resistance but also susceptibility, and on their ability to quantify the degree of
resistance.
 Such prediction is gradually becoming more difficult as multiple resistance
mechanisms become more common, and more of a concern as extreme
resistance and pan-drug resistance become a reality.

AsperGenius assay
• AsperGenius® assay is a multiplex real-time PCR assay developed
by PathoNostics. It rapidly diagnoses Aspergillus infections and
simultaneously identifies azole resistance.
• Species multiplex
– Aspergillus fumigatus
– Aspergillus terreus
– Aspergillus species

• Resistance multiplex
– L98H
– Tandem repeat 34

– T289A
– Y121F

• Two hundred and one patients each contributed one BAL
sample, of which 88 were positive controls and 113 were
negative controls.
• The sensitivity, specificity, positive predictive value, and
negative predictive value were 84%, 80%, 76%, and 87%,
respectively.
• Azole treatment failure was observed in 6/8 patients with a
RAM (resistance-associated mutation) compared with 12/45
patients without RAMs (P=0.01). Six-week mortality was 2.7
times higher in patients with RAMs (50.0% versus 18.6%;
P=0.07).

The AsperGenius® assay detects several Aspergillus species and the A. fumigatus
cyp51A mutations TR34/L98H/T289A/Y121F that are associated with azole
resistance. We evaluated its contribution in identifying A. lentulus and A. felis, 2 rare
but intrinsically azole-resistant sibling species within the Aspergillus section
Fumigati.
The assay was tested on (i) 2 A. lentulus and A. felis strains obtained from biopsy
proven invasive aspergillosis and (ii) control A. fumigatus (n = 3), A. lentulus (n = 6)
and A. felis species complex (n= 12) strains.
The AsperGenius® resistance PCR did not detect the TR34 target in A. lentulus and A.
felis in contrast to A. fumigatus. Melting peaks for L98H and Y121F markers differed
and those of the Y121F marker were particularly suitable to discriminate the 3
species.
In conclusion, the assay can be used to rapidly discriminate A. fumigatus, A. lentulus,
and A. felis.

CONCLUSIONS (I)
 Invasive fungal infections kill nearly 1.4 million people a
year—a number comparable to deaths from
tuberculosis. Factors that contribute to this disease
burden and high mortality include, inevitably, insufficient
diagnostics and treatment.
 Appropriate antifungal use may contribute to abate the
incidence of antifungal drug resistance, which results
from inherently less sensitive species and/or acquisition
of drug class–specific resistance mechanisms.
 As in vitro growth of Aspergillus is poorly reflective of the
in vivo growth conditions, the optimal practice of
susceptibility testing needs to be revisited.

CONCLUSIONS (II)
 The study of regulatory networks taking place in fungal
pathogens can help to target specific fungal pathways as
a whole, rather than to target more specific effectors of
virulence or drug resistance.
 In addition, the strategies that a fungal pathogen uses
during infection to increase its genetic diversity and its
adaptation to the human microenvironment need to be
investigated.
 Future research in these fields might allow to develop
better diagnostic and treatment approaches and will
ultimately help us to improve our management
strategies of patients with invasive fungal infections.

