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Objectives: Triazole resistance in Aspergillus fumigatus has been increasing. We explored the A. fumigatus azole
resistance profiles in bronchoalveolar lavage (BAL) fluid samples from Danish patients examined for aspergil-
losis.

Methods: A total of 94 BAL samples from 87 patients were evaluated by galactomannan (GM) test and
A. fumigatus CYP51A profiling by PCR.

Results: Aspergillus spp. were isolated from 27/48 (56.3%) cultured samples, including 23 A. fumigatus with one
resistant strain (4.3%). Samples were classified into GM-positive (>3.0), GM-intermediate (0.5 to <3.0) and
GM-negative (<0.5) groups, where the CYP51A PCR was positive in 81.8% (36/44), 56.3% (18/32) and 38.9%
(7/18) of samples, respectively. Nine CYP51A PCR-positive samples (9/61, 14.8%) were found to have mutations
resulting in amino acid substitutions. M220V was detected from a sample culture positive for susceptible
A. fumigatus and P216L was found in a culture-negative BAL sample. Conversely, no mutation was found in
one sample culture positive for azole-resistant A. fumigatus. The tandem repeat/L98H mutation was not detected.

Conclusions: Our study shows that azole resistance in A. fumigatus can be cryptic and may go undiagnosed. The
combination of improved culture/susceptibility tests and the direct molecular detection of resistance markers will

facilitate prompt institution of appropriate antifungal therapy.
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Introduction

Aspergillus species cause a wide range of diseases including inva-
sive aspergillosis (IA), chronic pulmonary aspergillosis and aller-
gic syndromes. Triazole antifungal drugs represent first-line
therapy for all forms of aspergillosis, comprising the only orally
active group of antifungal drugs within the limited therapeutic
options." Aspergillus fumigatus, the species accounting for
~80% of invasive infections, is normally susceptible to triazole
antifungal drugs;” however, clinical failures have been increasingly
reported to be associated with triazole-resistant A. fumigatus.>*
The frequency of azole resistance in clinical A. fumigatus isolates
by patient was 0% in 2002 and 2003, significantly increased to
17% in 2007, 14% in 2008 and 20% in 2009 at a referral
centre for chronic aspergillosis in the UK.*> Azole resistance in
Aspergillus can be detected by susceptibility tests. However,
susceptibility testing is not performed for Aspergillus at many
laboratories for clinical microbiology. Furthermore, aspergilli are

notorious for their low culturability from the infection sites and
culture-positive rates in confirmed IA typically range between
25% and ~50%.° ! Hence resistance rates found in clinical iso-
lates may only represent the tip of the global Aspergillus azole re-
sistance iceberg.

Target-site modification is the principal mechanism under-
lying azole resistance in A. fumigatus. The CYP51A gene
encodes the target lanosterol 14a-demethylase, which catalyses
a central step in the biosynthetic pathway of ergosterol, an es-
sential cell membrane component of filamentous fungi. Muta-
tions in CYP5IA result in structural alterations to the enzyme,
which are presumed to reduce or block the binding of
drugs.'”'3 Mutational hotspots confirmed to cause resistance
have been characterized at amino acid positions G54, L98,
G138, P216, M220 and G448, of which the L98 alterations
require a tandem repeat (TR) in the promoter region of CYP51A
to cause resistance.'*'> A wide range of CYP51A mutations
have been described in resistant isolates although other
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mechanisms may also confer resistance. Yet the above-
mentioned hotspots are dominant at many centres and this, in
combination with the low culturability, suggests that highly
sensitive molecular diagnostic tools may be a preferred approach
to better understand the nature and the true frequency of azole
resistance. In a recent study we determined resistance rates
using classical culture and susceptibility testing versus direct
PCR combined with detection of hotspot alteration from respira-
tory samples of patients with pulmonary Aspergillus infections
in Innsbruck, Austria and Manchester, UK. Unexpectedly, we
found that azole resistance hotspot mutations were detected
at an astonishingly high rate of 55.1% in culture-negative
PCR-positive samples.’® In a significant proportion of these
samples a 34 TR or the L98H alteration alone or in combination
was found, which was particularly surprising as the TR/L98H
resistance mechanism is not the dominant one in the UK.>° In
the light of these findings we further explored the A. fumigatus
azole resistance profiles in bronchoalveolar lavage (BAL) fluid
samples from patients with various underlying diseases in
Denmark who were being examined for aspergillosis. Denmark
was chosen as the TR/L98H resistance genotype has been
found by culture in environmental and clinical samples.*”*

Methods

Sample collection, patient information and
microbiological tests

A total of 94 BAL samples (from 87 patients) received at the mycology
reference laboratory in Copenhagen (Statens Serum Institut [SSI]) for
galactomannan (GM) testing were included in the study (Table S1, avail-
able as Supplementary data at JAC Online). All specimens were divided
upon arrival in a laminar airflow cabinet and an aliquot for PCR testing
frozen immediately. The ratio of 1:5 for samples with a GM index
below and above 0.5 was used for sample selection. Clinical and myco-
logical data were retrieved from the laboratory data management
systems. Underlying diseases were categorized into the following
groups: (i) cystic fibrosis (CF; n=23); (i) haematological disorders
(HAEM; n=22); (i) pulmonary disorders other than CF (PULM; n=38);
and (iv) critically ill patients without CF or HAEM (ICU; n=11) (Table 1).
GM was tested using a commercial kit (Platelia Aspergillus, Bio-Rad,
France) according to the recommendations of the manufacturer. For
BAL samples, an index of <0.5 was considered negative, an index of
0.5 to <3.0 was considered intermediate and an index of >3.0 was con-
sidered positive for GM.'® Intermediate BAL GM results were classified as
true positives when supported by additional microbiological data (e.g.
positive culture or positive serum GM) in patients at risk for Aspergillus
infection (Table S1, available as Supplementary data at JAC Online).

Most of the BAL samples had been submitted to culture and micros-
copy either locally or at the SSI (Table S1, available as Supplementary
data at JAC Online). Mycological investigations at the SSI included:

(i) Culture: BAL samples were centrifuged and the sediment resus-
pended in 500 pL of BAL and split between microscopy (using Blanko-
phor) and culture [using Sabouraud agar (SSI Diagnostika, Hillerad,
Denmark) and incubation at 37°C for a period of >3 days]. Plates were
checked for growth every 24h. Mould colonies were identified to
species level according to macroscopic and microscopic criteria and
thermotolerance at 48°C.%°

(i) Antifungal susceptibility testing: the microbroth dilution method
for itraconazole, voriconazole and posaconazole was used according to
EUCAST E.DEF 9.1 guidelines.?’ Drug stocks and working solutions were

prepared as described previously.'® MICs of azoles were determined
visually as a no-growth endpoint at 48 h of incubation.
(iii) Serum/plasma GM testing: cut-off of >0.5.%2

DNA extraction and CYP51A profiling

The volume of BAL samples varies in our collection. When available, 1 mL
of BAL fluid was pelleted at 16000 g for 10 min at 4°C. Otherwise, the
entire volume of BAL fluid was pelleted under the same condition. DNA
extraction was performed on pellets using MasterPure™ Yeast DNA Puri-
fication kit (Epicentre Biotechnologies, Madison, WI, USA) with modifica-
tions of adding an extra mechanical lysis after the cell lysis solution
treatment. Briefly, the lysing mixture was processed on a FastPrep™ in-
strument (MP Biomedicals, Solon, OH, USA) in lysing matrix tubes (MP Bio-
medicals), after which proteinase K (100 mg/L) was added and cell
lysates were incubated at 56°C for 45 min followed by a 10 min centrifu-
gation at 16000 g. The supernatant was then processed until the final
elution according to the manual of the extraction kit. Final elution
volume was 50 plL. Nuclease-free water was extracted in parallel as a
negative extraction control.

Both pan-Aspergillus real-time PCR and nested PCR amplification for
the A. fumigatus CYP51A gene were performed blinded on all samples.
The pan-Aspergillus real-time PCR targets the 18S rDNA, using molecular
beacon technology to detect Aspergillus spp.”® This earlier validated PCR
assay was able to detect total nucleic acids from as few as four spores of
A. fumigatus conidia with 96.7% amplification efficiency. It demonstrated
superior sensitivity to culture for detection and burden quantification on
BAL fluid samples and lung tissues from an experimental IA rat model.?®
In the current study, a negative extraction control and human genomic
DNA (100 ng/assay) were tested as negative PCR controls. Nested PCR
was employed to amplify CYP51A due to the modest amount of Aspergillus
DNA in most samples. The initial three PCR fragments cover the entire
CYP51A coding region as well as the majority of the promoter region.
Each fragment was subjected to two nested PCRs for smaller products
as previously described.'® PCR amplicons were evaluated by real-time
PCR assays with allele-specific molecular beacons directed at key single-
nucleotide polymorphisms (SNPs) linked with azole resistance (G54,
TR/L98, G138, M220 and G448).%“ All results were confirmed by DNA
sequencing.

Statistical analysis

One-way analysis of variance was used to compare three groups of con-
tinuous data. Dunn’s test was used for multiple comparisons between
each two groups. A P value <0.05 was considered statistically significant.

Results

GM testing and culture

Based on GM index there were 18 (19%) negative, 32 (34%) inter-
mediate and 44 (46.8%) positive samples (Table 1). Intermediate
samples were further classified as true positive [n= 28, median GM
index 1.5 (range 0.7-2.9)] or false positive [n=4, 1.3 (0.6-1.8)]
according to a review of additional clinical and microbiological
data (Table S1, available as Supplementary data at JAC Online).
Thus, overall, 72 samples were considered indicative for Aspergillus
disease/colonization and 22 were considered to derive from
patients without Aspergillus infection (Table 1).

Of 48 cultured samples, Aspergillus spp. were isolated in
27148 (56.3%) (Table 2), with the following species distribution:
A. fumigatus (n=23), A. flavus (n=3) and A. terreus (n=1). All
A. fumigatus isolates exhibited an azole wild-type susceptibility
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Table 1. BAL and serum GM antigen test results by BAL GM index and patient category

No. of BAL samples (GM-positive serum samples/no. of serum samples)

patient category

BAL GM result CF HAEM PULM ICU Total

Negative (GM index <0.5) 3 (0/0) 3(0/3) 10 (0/3) 2 (0/0) 18 (0/6)

Intermediate (GM index 0.5 to <3.0) 13 (0/1) 7(1/7) 12 (0/6) 0 (0/0) 32 (1/14)

subgroup classified as false positives 1 (0/0) 0 3(0/2) 0 4 (0/2)
subgroup classified as true positives 12 (0/1) 7(17) 9 (0/4) 0 28 (1/12)

Positive (GM index >3) 7 (0/2) 12 (6/11) 16 (4/8) 9 (3/4) 44 (13/25)

Total 23 (0/3) 22 (7121) 38 (4/17) 11 (3/4) 94 (14/45)
Table 2. BAL GM index and culture result

Culture
GM index A. fumigatus A. flavus A. terreus Penicillium sp. negative total (Aspergillus %°) Culture ND° Total
<0.5 0 0 0 1 6 7 (0) 11 18
0.5to <3.0 7 1 0 0 8 16 (50) 16 32
>3 16 2 1 0 6 25 (76) 19 L4
Total 23 3 1 1 20 48 (60) 46 94
“Percentage of positive Aspergillus culture.
BCulture not done at the SSI (see Table S1, available as Supplementary data at JAC Online).
pattern except for one, which was multiazole resistant (itracon- 45—
azole >4 mg/L; posaconazole >1 mg/L; voriconazole >2 mg/L).
The resistance rate of A. fumigatus was 1/23 (4.3%). One ] — VYOO v
GM-negative sample was culture positive for Penicillium sp. 2 40+ .
> " 'y
G | _—__ e e ___ M o __

, . & 354 -t — e — %
Pan-Aspergillus and A. fumigatus PCR results e : a2t AN
and CYP51A mutations % 20 e
Using a Ct (threshold cycle) cut-off of 36, Aspergillus DNA was g ! :f:
detected by pan-Aspergillus real-time PCR in 41/44 (93.2%) <:‘I” v
GM-positive, 21/32 (65.6%) GM-intermediate and 9/18 (50.0%) S 254 . v
GM-negative BAL samples, with Ct values averaging 32.3 (IQR <
29.7-34.7), 35.0 (31.3-41) and 37.1 (35.4-39.4), respectively 20
(Figure 1 and Table 3). The mean Ct value of GM-positive @ @ @
samples was significantly lower than that of GM-negative eqo“ S° or,ix\
(P<0.05) and GM-intermediate (P<0.05) samples, but there @l\‘\ .(\y\e‘@ @‘\Q

was no statistical difference in Ct values between GM-intermediate
and GM-negative samples. The detection rate of pan-Aspergillus
PCR was 92.0% (23/25), 81.3% (13/16) and 57.1% (4/7)
in cultured GM-positive, GM-intermediate and GM-negative
samples, respectively, compared with 76.0% (19/25), 50.0%
(8/16) and 0.0% (0/7) by culture (Table 3). If PCR and culture
results were evaluated using the classification of BAL samples
into those indicative or not for Aspergillus disease/colonization,
84.7% (61/72) were PCR positive and 67.5% (27/40) culture posi-
tive, respectively, for samples associated with Aspergillus disease/
colonization, whereas this was the case for 43.5% (10/23) and
0% (0/8) of the BAL samples from patients with no indication of
Aspergillus disease or colonization.

o™

Figure 1. Distribution of pan-Aspergillus PCR Ct values by categories of
GM index. The broken line represents a Ct cut-off of 36 and horizontal
bars represent mean Ct values. The mean Ct value of GM-positive
samples was significantly lower than that of GM-negative (P<<0.05)
and GM-intermediate samples (P<0.05).

When A. fumigatus CYP51A was profiled in specimens using
nested PCR the detection rate was 81.8% (36/44), 56.3%
(18/32) and 38.9% (7/18) in GM-positive, GM-intermediate and
GM-negative samples, respectively, somewhat lower than that
of pan-Aspergillus PCR (Table 3). Ten samples were positive in
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Table 3. Pan-Aspergillus PCR, A. fumigatus CYP51A PCR and culture results classified by BAL GM index

GM index
positive (>3.0) intermediate (0.5 to <3.0) negative (<0.5)
Aspergillus Aspergillus Aspergillus
culture culture culture
cultured  culture —— cultured  culture —— cultured  culture
PCR assays neg. pos. samples ND®  total (%) neg. pos. samples ND?  total (%) neg. pos. samples ND®  total (%)
Pan-Aspergillus PCR
negative 2 0 2 1 3 (6.8) 2 1 3 8 11 (34.4) 3 0 3 6 9 (50.0)
positive 4 19 23 18 41(93.2) 13 8 21 (65.6) & 0 4 5 9 (50.0)
total 6 19 25 19 44 8 8 16 16 32 7 0 7 11 18
CYP51A nested PCR
negative 5 0 5 3 8(182) 3 1 4 10 14 (43.8) 3 0 3 8 11 (61.1)
positive 4 16 20 16 36 (81.8) 6 12 6 18 (56.4) 4 0 4 3 7 (38.9)
total 9 16 25 19 44 9 7 16 16 32 7 0 7 11 18

“Culture not done at the SSI (see Table S1, available as Supplementary data at JAC Online).

pan-Aspergillus PCR but failed to amplify in CYP51A PCR, of which
two samples were positive by both culture and real-time PCR
(data not shown) for A. flavus. One sample had a Ct of 30.2 in
pan-Aspergillus PCR but was negative in species-specific real-
time PCR for A. fumigatus, A. flavus and A. terreus (data not
shown), indicative of other non-tested Aspergillus species. The
remaining seven samples had an average Ct value of 34.2
(range 33.2-34.8). All but one of the A. fumigatus culture-
positive BAL samples were CYP51A PCR positive and so were
one A. flavus culture-positive BAL sample and one A. terreus
culture-positive BAL sample. Two other A. flavus culture-positive
BAL samples were negative in A. fumigatus CYP51A PCR.
Positive CYP51A PCR was also obtained in 7/18 (38.9%) of
GM-negative samples.

The majority of CYP51A PCR-positive samples (45/61, 73.8%)
had synonymous mutations only (relative to sequenced wild-
type strain Af293), whereas 9 (14.8%) were detected with
single or multiple mutations resulting in amino acid substitutions
(Table 4). No TR/L98H mutation was detected; neither was any
mutation occurring at codon G54, G138 or G448. Alterations con-
firmed to be associated with azole resistance M220V and P216L
were found in two individual patients. Interestingly, the M220V
sample was culture positive for a susceptible A. fumigatus
strain and the P216L sample was culture negative. Other muta-
tions causing amino acid substitutions in the Cyp51A protein
were novel, except M172V and F46Y, which were previously
reported in both susceptible and resistant isolates.”?*

Discussion

The prevalence of azole resistance in clinical A. fumigatus is
largely undefined because susceptibility testing is not routinely
performed in most clinical laboratories. Some variability was
seen from 13 studies comprising almost 5000 isolates, with an
average of 2% (0%-6%).'* In the present study 4.3% (1/23) of
A. fumigatus isolates displayed an azole resistance phenotype,

consistent with findings in Danish CF patients, where 4.5% of
A. fumigatus isolates in respiratory samples had reduced suscep-
tibility to azoles,'® and also consistent with findings from
Denmark as part of the global SCARE study.?® However, a signifi-
cant number of cases involving azole-resistant isolates may go
unnoticed. It is well known that culture-positive rates in
Aspergillus-infected patients are low (around 50%) even in con-
firmed cases of chronic pulmonary aspergillosis.”® In our study
76% of GM-positive and 50% of GM-intermediate BAL samples
submitted for culture isolation were culture positive for Aspergil-
lus, although the majority of these by review of the clinical and
additional microbiological data were consistent with Aspergillus
infection/colonization. To discover the cryptic resistance hidden
in the non-culturable aspergilli we employed molecular diagnos-
tic tools to detect azole resistance markers directly from the BAL
samples.

A number of studies have shown that PCR-based detection of
Aspergillus could be a valuable adjunctive tool for diagnosis
of Aspergillus infections,?’ % although issues such as the risk
of environmental/procedural contamination and standardization
from sample preparation to data analysis need to be carefully
addressed before its implementation in clinical practice.**3? In
our study the pan-Aspergillus PCR had a higher detection rate
than culture, confirming the sensitivity of this diagnostic ap-
proach. Moreover, a fair correlation between GM index and Ct
values was observed, which supports the incentive of using PCR
as an adjunctive tool for diagnosis of Aspergillus infections. Of
note, there were 10 samples positive in pan-Aspergillus PCR
that failed to amplify in the A. fumigatus-specific CYP51A detec-
tion. Apart from two samples that were undoubtedly positive
for A. flavus and one sample that was possibly positive for an
Aspergillus species other than A. fumigatus, A. flavus or A. terreus,
the remaining seven samples had relatively high Ct values, sug-
gesting a low amount of Aspergillus DNA in these samples,
which may account for the negative CYP51A PCR results. The
lower detection rate of CYP51A PCR is not surprising given
the species-specific nature of this PCR and, importantly, that
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Table 4. Mutations in the CYP51A gene of A. fumigatus detected directly from BAL fluid samples

Amino acid substitutions caused

No. of samples by non-synonymous mutations

Polymorphisms caused by
synonymous mutations

Culture/azole susceptibility

Samples carrying single or multiple non-synonymous mutations

1 N425S A. fumigatus/susceptible
1 M172V°, F46Y° A. fumigatus/susceptible
1 L206P, L210P G89G negative/NA
1 K67E G89G Penicillium species/POS=1, VRC=4, ITC>4
1 Y107C D70D, G89G negative/NA
1 M220V° G89G A. fumigatus/susceptible
1 N33D, K80E G89G ND/NA
1 F41S, E66G D70D, G89G ND/NA
1 P216L¢ G89G negative/NA
Samples carrying synonymous mutations only
1 G89G, F495F ND/NA
4 D70D, G89G 3 ND; 1 negative/NA
1 V44V, G89G negative/NA
1 G89G, F165F A. fumigatus/susceptible
38 G89G one resistant A. fumigatus isolate; POS=1, VRC=2, ITC>4

NA, not available; ND, culture not done; ITC, itraconazole; POS, posaconazole; VRC, voriconazole.

9Mutations found previously.”?!

bMutation confirmed to be associated with azole resistance in A. fumigatus;‘*o shown in bold due to its confirmed association with azole resistance in

A. fumigatus.

“Mutation confirmed to be associated with azole resistance in A. fumigatus;'® shown in bold due to its confirmed association with azole resistance in A.

fumigatus.

the CYP51A gene is present only in a single copy in the genome??
while as many as 38-91 copies per genome of 185 rDNA** are
targeted by pan-Aspergillus PCR. The presence of A. fumigatus
was confirmed in  the majority of GM-positive and
GM-intermediate BAL samples, including all but one of the
A. fumigatus culture-positive specimens.

However, the finding of A. fumigatus DNA in 39% of the
GM-negative specimens is less straightforward to interpret in
the clinical context. Certainly, this number would be significantly
reduced to 16.7% (3/18) if a lower Ct cut-off of 35.5 was
adopted, with some sacrifice on the detection rate in
GM-positive (dropping from 82% to 75%) and GM-intermediate
(from 56% to 53%) samples. A recent study investigating the
probability of aspergillosis after a BAL GM test found that a GM
index cut-off of <0.5 corresponded to a high specificity, virtually
always ruling out the disease.'? In light of this finding we cannot
exclude the possibility that at least some of the positive PCR
results among the GM-negative samples may reflect contamin-
ation or transient colonization rather than infection. In fact the
high sensitivity of PCR may tend to overestimate disease
burdens in non-sterile specimens such as BAL samples and
underestimate them in sterile specimens like blood, where the
presence of pathogen-specific DNA has been poorly defined.
More controlled clinical studies are needed to define PCR thresh-
old detection levels for various specimen types. Furthermore, the
detection of specific expressed genes associated with hyphal
growth may aid in distinguishing between contaminating un-
germinated spores and rapidly growing infecting organisms
causing infection.

Perhaps the most powerful application of molecular diagnos-
tic technology is the rapid elucidation of genetic variants asso-
ciated with resistance.®® Analysis of the CYP51A amplicons
identified two mutations confirmed to be associated with azole
resistance—M220V and P216L—in one culture-positive sample
from a CF patient and one culture-negative sample from an
elderly patient receiving meropenem for Streptococcus pneumo-
niae pneumonia, respectively. Interestingly, the sample harbour-
ing the M220V alteration was culture positive for an azole-
susceptible A. fumigatus isolate. It is plausible that a mixed
population of both susceptible and resistant A. fumigatus
existed in the same BAL sample, consistent with previous
reports of patients harbouring both susceptible and resistant iso-
lates.>'® Together with the fact that the P216L alteration was
found from a culture-negative BAL sample, both cases highlight
the potential of detecting cryptic resistant A. fumigatus with the
aid of molecular diagnostic tools. Because patients infected with
resistant strains often respond poorly to therapy, the presence of
a mixed (susceptible/resistant) population or an unknown resist-
ant strain is expected to result in a diminished response to azole
therapy, despite adequate therapy and favourable immune
status of the patient. Molecular detection of azole resistance
markers may therefore provide important information for
clinical care.

A remarkably high rate of hotspot mutations causing azole
resistance, primarily TR/L98H, was seen in the previous study
with direct detection of resistance markers using our nested
PCR and respiratory samples from patients with chronic aspergil-
losis in Manchester.'® This was not the case in the present study;
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no TR/L98H mutation was observed in the BAL collection from
Danish patients, although this is the predominant mutation
recovered from 8% of environmental A. fumigatus isolates in
Denmark and has been found in Danish CF patients.!” The differ-
ence is possibly due to different sample types and different com-
positions of studied patient populations. Whereas sputum
samples in the former study in the UK were collected from
patients diagnosed with chronic or allergic aspergillosis, all of
whom had positive serological tests for Aspergillus,'® BAL
samples in the present study were from a wider spectrum of
underlying diseases and inclusion was based on the GM index,
with GM-negative BAL samples comprising 19% of the total spe-
cimens. The human lung may be a filter of airborne aspergilli,
whereby what is found in the respiratory samples reflects
recent exposure (i.e. light and transient colonization) as well as
potentially acute or chronic infections. This may particularly be
the case for sputum samples that include upper airway material
and saliva and in patients who cannot clear this fungus from
their respiratory tract. In the UK study a majority of the
samples (24/29) tested for resistance markers had azole expos-
ure, which might contribute to the high detection rate of azole
resistance. However, 23 patients in the present study had under-
lying CF, a condition associated with allergic bronchopulmonary
aspergillosis and frequent azole treatment in Denmark. For 13
patients (9 of whom were not CF patients), previous azole treat-
ment was documented because samples from these patients
had been received for therapeutic drug monitoring, suggesting
~50% of the study population had been exposed to azoles.

Another key consideration here is whether the fungal flora in
the upper airway is possibly more diverse, with wild-type and re-
sistant strains often in coexistence. Such diversity and coexist-
ence becomes less common when the flora migrates to the
lower airway because wild-type strains are likely to outcompete
the mutants in the more stringent environment of the lower
respiratory tract, assuming the acquisition of a mutation driven
by azole therapy carries a fitness cost in A. fumigatus. Reduced
virulence of azole-resistant A. fumigatus isolates has been
observed;*® however, it does not seem to apply to the TR/L98H
mutation and in the scenario of ongoing or previous azole expos-
ure the wild-type isolate may be less competitive.>’ Neverthe-
less, further studies including different geographical areas and
patient categories are warranted to better understand the
impact of using different sample types to uncover the true fre-
quency of azole resistance. However, at least currently it seems
that the surprisingly high frequency of azole resistance muta-
tions in non-culturable Aspergillus in the Manchester cohort,
which potentially questions whether voriconazole is an appropri-
ate first-line agent, is not a ubiquitous phenomenon.

Several novel mutations were also found in our study. Except
for N425S, which was identified from a BAL sample culture
positive for susceptible A. fumigatus, others (L206P+L210P;
K67E; Y107C; N33D+K80E; F41S+E66G) were detected from
A. fumigatus culture-negative BAL samples or where culture
was not requested at our laboratory. Substitutions M172V and
F46Y have previously been detected in both susceptible and re-
sistant A. fumigatus isolates,* but a later study demonstrated
that isolates carrying serial polymorphisms (F46Y-M172V +
N248T +D255E 4+ E427K) had higher voriconazole MICs, although
<1 mag/L using EUCAST methodology.*® The clinical significance
of and relationship between these polymorphisms and azole

exposure needs to be explored. A silent mutation, G89G, was
seen in 85% of CYP5IA PCR-positive samples. Our finding
echoes a recent study, which found that four of five clinical
A. fumigatus isolates with at least one mutation in the CYP51A
gene had G89G.>? Yet we cannot draw any conclusions on the
clinical or phylogenetic significance of this mutation due to the
limited data.

In conclusion, our study confirms that azole resistance in
A. fumigatus can be cryptic and may go undiagnosed even
when culture/susceptibility testing are performed. The presence
of a mixed (susceptible/resistant) population may increase this
risk. Under such circumstances a couple of precautions should
be employed for standard culture and susceptibility testing in
order to improve our capability to detect azole resistance in
clinical A. fumigatus: (i) sampling several colonies for susceptibil-
ity tests to increase the chance of capturing the resistant strain
in the mixed population and (i) including an azole-containing
screening agar to the culture isolation in order to detect resistant
isolates even when present in a low proportion. These modifica-
tions might enhance the likelihood of detecting azole-resistant
isolates in positive cultures independently of the nature of the
underlying molecular mechanism. However, in order to detect
resistant cases where fungal isolates are not available, rapid
molecular detection of resistance markers directly from respira-
tory samples offers a useful tool. The combination of improved
culture/susceptibility tests and the direct molecular detection
of resistance markers will facilitate prompt institution of
appropriate antifungal therapy.
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Supplementary data

Table S1. Overview of BAL samplesincluded in the study

Patient
no.

Patient
category

>

ge

BAL
GM
value

GM test
evaluatio
n (TP/FP)

BAL GM
score

Pan-
Asp
PCR

Pan-
Asp
PCR
Ct

CYP51
APCR

CYP51A
mutation

(s)

Serum
GM

Serum
GM
P/N

Culture
(SSl/local
lab)*

Previou
s azole
TDM

Azole
susc.
pattern

Comment

PULM

0.5

0.1

neg

neg

41.0

neg

NA

ND

ND

ND/neg

No

ND

Infant, low pre-test probability. Pos for
Haemophilus influenzae and metapneumovirus.
No clinical or diagnostic support for Aspergillus
colonisation/infection.

CF

31

0.1

neg

pos

35.7

pos

K67E,
G89G

ND

ND

Penicillium
sp./Asp. sp.

Yes

Posa=1;
Vori=4;
Itra>4

Repetitive detection of P. aeruginosa and high
pre-test probability. Aspergillus colonisation
possible.

ICU

63

0.1

neg

neg

36.7

neg

NA

ND

ND

ND/ND
(due to neg
microscopy)

ND

Suspicion of endocarditis, broad range antibiotic
treatment and airway flora dominated by Gram
negatives. Several airway samples never mould.
No clinical or diagnostic support for Aspergillus
colonisation/infection.

PULM

55

0.2

neg

neg

41.0

neg

NA

Neg

ND/neg

No

ND

Outpatient, lung cavity, but few samples samples.
No diagnostic support for Aspergillus
colonisation/infection.

PULM

84

0.2

neg

neg

41.0

neg

NA

0.1

Neg

ND/neg

No

ND

Staphylococcus aureus and non-haemotoytic
Streptococci detected. No diagnostic or clinical
support for Aspergillus colonisation/infection.

PULM

73

0.2

neg

pos

35.2

pos

G89G

0.1

Neg

ND/ND

No

ND

Multiple blood and respiratory samples obtained,
all neg. Neg examination for Plasmodium and
Leishmania. No diagnostic support for Aspergillus
colonisation/infection.

HAEM

40

0.2

neg

neg

38.9

neg

NA

Neg

Neg/neg

No

ND

T-lymphocytic leukaemia with pulmonary
infiltrates; massive antibiotic treatment
(including caspofungin). Low/moderate pre-test
probability and no diagnostic support for
Aspergillus colonisation/infection.

ICU

13

0.2

neg

pos

34.8

pos

G89G

ND

ND

Neg/neg

No

ND

Young patient with no underlying disease (e.g.
CF) and hence low pre-test probability. No
diagnostic or clinical support of Aspergillus
colonisation/infection.

PULM

0.2

neg

pos

35.8

pos

G89G

ND

ND

ND/ND

No

ND

Child with low pre-test probability. No clinical or
diagnostic support for Aspergillus
colonisation/infection.

10

PULM

57

0.2

neg

neg

37.8

neg

NA

ND

ND

Neg/neg

No

ND

Patient with very few samples submitted for
testing and unknown aetiology. Aspergillus
colonisation unlikely.

11

CF

21

0.2

neg

neg

36.6

neg

NA

ND

ND

ND/neg

No

ND

Adult CF patient with moderate pre-test-
proability. Additional support for Aspergillus
colonisation/infection due to mold-positive
culture.

12

PULM

0.2

neg

pos

35.7

pos

va4v,

ND

ND

Neg/ND

No

ND

Toddler pos for Branhamella catarrhalis. No



G89G clinical or diagnostic support of Aspergillus
colonisation/infection.
Few samples tested. Low pre-test probability and
13 PULM 60 0.2 neg neg 38.4 neg NA ND ND Neg/Neg No ND no clinical or diagnostic support for Aspergillus
colonisation/infection.
L206P, Few samples tested. Low pre-test probability and
13 PULM 60 0.2 neg pos 35.5 pos L210P, ND ND Neg/neg No ND no clinical or diagnostic support for Aspergillus
G89G colonisation/infection.
AML and adenovirus-positive pneumonia. No
14 HAEM 61 0.3 neg pos 35.5 neg NA 0.1 Neg ND/ND No ND diagnostic or clinical support for Aspergillus
colonisation/infection.
Adolescent with CF. Moderate diagnostic and
15 CF 14 0.3 neg neg 41.0 neg NA ND ND ND/neg No ND clinical support for Aspergillus
colonisation/infection.
B cell ymphoma, repetitive testing for mold in
airway samples without any pos results. No
16 HAEM 72 03 neg pos 332 neg NA 0.1 Neg ND/neg No ND diagnzstic a‘; o e cl‘i'n’?cal cumport for
Aspergillus colonisation/infection.
689G Infant with pneumonia positive for rhinovirus and
17 PULM 1 0.4 neg pos 34.0 pos D70D’ ND ND ND/neg No ND Haemophilus influenzae. No diagnostic or clinical
support for Aspergillus colonisation/infection.
Pneumonia caused by atypical bacteria
intermedi . suspected. No fungi or bacteria identified;
18 PULM 63 0.6 ate FP neg 41.0 neg NA 0,1;0,0 Neg ND/ND No ND multiple negative BAL GM neg tests
subsequently.
19 CF 22 07 intermedi P neg 41.0 neg NA ND ND ND/neg No ND Previoysly culture pos for A. fumigatus and A.
ate flavus in sputum.
. di A.
20 PULM 57 1.0 ;rlteerme S neg 41.0 neg NA ND ND fumigatus/ No wt Culture pos; suspected aspergilloma/tumor.
ND
Chronic pulmonary infiltrate; no effects of
intermedi antibiotics; neg (microscopy + culture) for
21 PULM 33 1.0 ate TP pos 35.3 pos G89G ND ND Neg/ND No ND mycobacteria; PCR neg for Chlamydophila and
Legionella.
intermedi Repeatedly BAL GM pos + extensive chronic
22 PULM 75 1.0 ate TP neg 41.0 neg none ND ND ND/neg No ND pulmonary infiltrate; GM index on lung biopsy =
1.4; neg (microscopy + culture) for mycobacteria.
23 HAEM 70 1.0 intermedi - pos 35.4 pos 689G 0.2 Neg ND/neg Yes ND Pulmonary infiltrate; previous voriconazole
ate treatment.
. . A.
intermedi .
24 CF 79 11 ate TP pos 34.2 pos G89G 0.2 Neg fumigatus/ No wt Culture pos; lobectomy.
ND
A.
24 CF 79 7.1 pos pos 329 pos N425S 0.2 Neg fumigatus/ No wt Culture pos; lobectomy.
ND
intermedi . .
25 CF 13 1.1 ate TP neg 41.0 neg NA ND ND ND/neg Yes ND Previously culture pos A. fumigatus.
intermedi
26 HAEM 26 11 ate TP neg 37.9 neg NA 0 Neg Neg/neg No ND Repeatedly BAL GM pos.
27 PULM 53 12 intermedi P pos 315 pos 689G ND ND Neg/ND No ND Aspergillu.s antibody pos (1:25600); TB positive,
ate HIV negative.
28 HAEM 40 1.2 ;rlteermedl TP pos 29.5 pos g?gg’ 0.4 Neg Neg/ND No ND Pan-neutropenic + hairy cell leukemia.



intermedi Previously treated with itraconazole due to
29 CF 11 1.2 ate TP pos 28.8 pos none ND ND ND/neg Yes ND Aspergillus in 2009.
intermedi Chronic pulmonary disease with no known focus.
30 CF 39 1.2 ate FP neg 41.0 neg NA ND ND ND/ND No ND Multiple BAL samplings and no microorganisms
detected.
intermedi A. Culture pos; pneumonia, delirium, cerebral
31 PULM 61 1.3 ate TP pos 33.7 pos G89G 0.1 Neg fumigatus/ No wt infarcts, bronchiolitis obliterans organising
neg pneumonia.
Pulmonary infiltrate, Aspergillus Ab pos (1:1600);
32 HAEM 80 13 intermedi ., pos 346  neg NA 0.1 Neg Neg/neg No ND CMV neg, EBV neg, PCR neg for atyptical
ate pneumonia and neg (microscopy + culture) for
mycobacteria.
Previously culture pos for A. flavus (wt) in BAL;
33 PULM 78 1.4 intermedi P pos 29.7 pos 689G 01 Neg ND/NA Ves ND previous tre?tment wi.th voriconazole; neg for
ate Pneumocystis; neg (microscopy + culture) for
mycobacteria.
intermedi . -
34 HAEM 57 14 ate TP neg 41.0 neg NA 0.1 Neg Neg/neg No ND Lymphoma; Aspergillus Ab positive (1:6400).
A.
35 CF 17 14 intermedi ., pos 292 pos G89G ND ND fumigatus/ wt Culture pos.
ate mould
isolate
36 PULM 76 15 intermedi TP pos 33.2 pos G89G 0 Neg }qu'migatus/ No wt .Cultu.re Pos; A.sper.gillus At.) .posit.ive (1:.6400).;
ate neg inactive sarcoidosis, repetitive airway infections.
37 CF 12 20 intermedi P neg 41.0 neg NA ND ND ND/neg No ND Previous history of intermediate BAL GM test
ate results.
37 cF 12 15 intermedi - pos 302 neg NA ND ND ND/neg No ND Previous history of intermediate BAL GM test
ate results.
intermedi ;
38 PULM 72 1.7 ate FP pos 35.2 pos G89G 0.1 Neg Neg/neg No ND Aspergillus Ab neg and other GM neg BALs
intermedi AML; lung abscess; voriconazole treatment;
39 HAEM 73 1.7 ate TP pos 35.7 pos G89G 0.1 Neg ND/neg Yes ND Pneumocystis neg; neg (microscopy + culture) for
mycobacteria.
intermedi
40 HAEM 53 1.7 ate TP pos 34.6 pos none 13 Pos ND/neg No ND AML; repeatedly BAL GM pos.
intermedi Pneumonia, Aspergillus Ab neg, neg for
41 PULM 32 1.8 ate FP neg 36.2 neg NA ND ND ND/neg No ND Pneumocystis; neg (microscopy + culture) for
mycobacteria.
Previously culture pos for A. fumigatus (wt)
intermedi (BAL); neg (microscopy + culture) for
42 CF ? 18 ate s pos 34.1 neg NA ND ND ND/ND No ND mycobactgeria; PCR nzz for Chlamydophila and
Legionella.
A.
intermedi M220V, fumigatus/ Culture pos, other GM pos BAL tests; PCR neg for
43 CF 13 2.0 ate TP pos 31.2 pos G896 ND ND mould No wt Chlamydophila.
isolate
intermedi )
44 CF 15 2.2 ate TP neg 41.0 neg NA ND ND ND/neg Yes ND Previously culture pos and GM pos.
intermedi A. Culture pos; neg (microscopy + culture) for
45 CF 7 2.2 ate TP pos 28.1 pos G89G ND ND flavus/Aspe  No wt mycobacteria; PCR neg for Chlamydophila and
rgillus sp. Legionella.
intermedi ND/Aspergil .
46 PULM 51 2.2 ate TP pos 253 pos G89G ND ND lus No ND Aspergillus Ab pos (1:6400).



fumigatus

Aspergillus Ab pos (1:800), previous pos BAL GM

47 PULM 79 2.4 ;rlteermedl TP pos 35.0 pos none 0.1 Neg Neg/neg No ND test; PCR neg for Legionella, Chlamydophila and
other atypical bacteria.
A. Culture pos; previous history of posaconazole
48 cF 27 29 intermedi - os 315 os none ND ND fumigatus/ No wt treatment; neg (microsocpy + culture) for
’ ate P ’ P Aspergillus mycobacteria; PCR neg for Legionella and
sp. Chlamydophila; no respiratory virus detected.
A.
M172V, fumigatus/
49 CF 15 3.0 pos pos 31.3 pos Fa6y ND ND Aspergillus No wt
sp.
A.
50 CF 14 3.1 pos pos 307  pos G89G ND ND {;’;’I’(’f‘"us/ No wt
isolate
51 HAEM 72 33 pos pos 34.1 neg NA 0.2 Neg ND/neg No ND
A.
52 CF 31 33 pos pos 31.7 pos G89G ND ND terreus/mo No wt
uld isolate
N33D,
53 PULM 37 3.4 pos pos 31.1 pos K80E, ND ND ND/neg No ND
G89G
F41S,
E66G,
54 PULM 79 3.5 pos pos 31.1 pos D70D ND ND ND/neg No ND
G89G
55 PULM 53 3.6 pos neg 36.9 neg NA 0.1 Neg ND/neg No ND
A.
56 CF 12 3.6 pos pos 27.7 pos G89G ND ND fum/gaFus/ No wt
Aspergillus
sp.
A.
57 HAEM 72 3.6 pos pos 35.2 pos ;éGSF'GS Pos Qumlgatus/ No wt
fumigatus
57 HAEM 72 4.8 pos pos 29.6 pos G89G 1 Pos Neg/ND No ND
58 HAEM 38 3.8 pos pos 34.8 pos G89G 0.1 Neg ND/NA Yes ND
59 PULM 50 4.0 pos pos 34.3 pos G89G ND ND ND/neg No ND
60 CF 9 4.4 pos pos 32.8 pos G89G ND ND ND/ND No ND
Y107C,
61 HAEM 13 4.7 pos pos 29.5 pos D70D, 0.1 Neg Neg/neg No ND
G89G
A.
62 ICU 66 53 pos pos 32.7 pos G89G ND ND fumigatus/ Yes wt
neg
A.
63 CF 63 5.5 pos pos 32.2 pos G89G 0.1 Neg fumigatus/ No wt

neg



64 HAEM 70 5.5 pos neg 41.0 neg NA 0.1 Neg Neg/neg No ND
A.
65 ICU 79 5.6 pos pos 28.8 pos G89G ND ND fumigatus/ No wt
mould
isolate
66 ICU 66 6.0 pos pos 35.8 pos none ND ND ND/neg No ND
67 ICU 72 6.1 pos pos 32.9 pos G89G 3.7 Pos ND/neg Yes ND
67 ICU 72 7.3 pos pos 32.7 pos G89G 11 Pos ND/NA No ND
D70D,
68 PULM 58 6.1 pos pos 29.5 pos 689G ND ND ND/neg No ND
69 ICU 69 6.3 pos pos 32.1 pos G89G ND ND ND/neg No ND
70 PULM 57 7.2 pos pos 334 neg NA ND ND Neg/neg Yes ND
A.
71 HAEM 64 7.2 pos pos 255  pos 689G 25 Pos {:qu;gat“s/ Yes wt
isolate
D70D, ND/mould
72 PULM 85 7.3 pos pos 27.8 pos G896 5.1 Pos isolate No ND
73 ICU 61 7.4 pos pos 35.6 pos G89G 0.2 Neg ND/neg No ND
A.
fumigatus/
74 PULM 67 7.4 pos pos 35.1 pos none 1.8 Pos No wt
mould
isolate
P216L,
75 PULM 68 7.4 pos pos 33.6 pos G396 ND ND Neg/neg No ND
A.
76 PULM 79 75 pos pos 275  pos G89G 0.1 Neg ﬁ’;"lﬁ’d‘"us/ No wt
isolate
A.
76 PULM 79 9.2 pos pos 255  pos 689G 0.1 Neg {:qufdatus/ No wt
isolate
A.
77 PULM 72 7.6 pos pos 358  pos G89G 05 Pos {:qufdatus/ No wt
isolate
78 PULM 30 7.6 pos pos 34.5 pos G89G ND ND ND/neg No ND
79 HAEM 3 8.1 pos neg 41.0 neg NA ND ND Neg/neg No ND
80 HAEM 8 8.3 pos pos 34.8 neg NA 5.8 Pos ND/ND No ND
80 HAEM 8 8.4 pos pos 31.8 pos G89G 5.8 Pos ND/ND No ND
A.
81 ICU 48 8.5 pos pos 33.4 neg NA ND ND flavus/moul  No wt
d isolate
G89G,
82 PULM 66 8.6 pos pos 32.8 pos FA95F 0.1 Neg ND/neg No ND
A. Itra >4,
83 HAEM 53 8.8 pos pos 30.1 pos G89G 3.1 Pos fumigatus/ Yes posa 1,



neg vori 2

A.

84 PULM 76 9.0 pos pos 34.9 pos none ND ND )r‘::;fl/gatus/ No wt

85 HAEM 60 9.3 pos pos 29.6 pos G89G 0.2 Neg ND/neg No ND
A.

86 PULM 69 9.4 pos pos 27.0 neg NA 15 Pos flavus/moul  No wt
disolate
A.

87 ICU 66 11.0 pos pos 31.5 pos G89G 1.9 Pos fumigatus/ No wt
neg

Abbreviations:

BAL = Bronchoalveolar lavage; GM = Galactomannan antigen; TP = True positive; FP = False positive;

HAEM = Patient with underlying haematological disease; CF = Patient with cystic fibrosis, PULM = Patients with underlying pulmonary disease other than CF;
ICU = Patients admitted to intensive care units due to non-HAEM, non-CF reasons;

neg = negative; pos = positive; ND = not done; NA=information not available.

posa = Posaconazole; itra = Itraconazole; vori =V oriconazole;

AML = acute myeloid leukemia; Ab = antibody.

*Culture results: Culture results from both Statens Serum Institut (SSI) and local [aboratory (local |ab) are given. Culture results where mould was not detected
were considered negative. Hence, cases where species of Candida were detected were scored as negative.
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