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Respiratory tract colonization by molds in patients with cystic fibrosis (CF) were analyzed, with particular
focus on the frequency, genotype, and underlying mechanism of azole resistance among Aspergillus fumigatus
isolates. Clinical and demographic data were also analyzed. A total of 3,336 respiratory samples from 287 CF
patients were collected during two 6-month periods in 2007 and 2009. Azole resistance was detected using an
itraconazole screening agar (4 mg/liter) and the EUCAST method. cyp514 gene sequencing and microsatellite
genotyping were performed for isolates from patients harboring azole-resistant 4. fumigatus. Aspergillus spp.
were present in 145 patients (51%), of whom 63 (22%) were persistently colonized. Twelve patients (4%)
harbored other molds. Persistently colonized patients were older, provided more samples, and more often had
a chronic bacterial infection. Six of 133 patients (4.5%) harbored azole-nonsusceptible or -resistant A. fumiga-
tus isolates, and five of those six patients had isolates with Cyp51A alterations (M220K, tandem repeat
[TR]/L98H, TR/LISH-S297T-F4951, M220I-V101F, and Y431C). All six patients were previously exposed to
azoles. Genotyping revealed (i) microevolution for A. fumigatus isolates received consecutively over the 2-year
period, (ii) susceptible and resistant isolates (not involving TR/L98H isolates) with identical or very closely
related genotypes (two patients), and (iii) two related susceptible isolates and a third unrelated resistant
isolate with a unique genotype and the TR/LI8H resistance combination (one patient). Aspergilli were fre-
quently found in Danish CF patients, with 4.5% of the A. fumigatus isolates being azole nonsusceptible or
resistant. Genotyping suggested selection of resistance in the patient as well as resistance being achieved in the

environment.

Molds are frequently recovered from cultures of respiratory
samples from patients with cystic fibrosis (CF). Aspergillus fu-
migatus is the predominant species, with reported prevalence
rates from 6% to nearly 60% (32). Aspergillus terreus has been
reported as the second most common Aspergillus species (42).
Other fungi, such as Scedosporium spp., Exophiala dermatitidis,
Acrophialophora fusispora, and recently Geosmithia argillacea,
have also been detected (6, 13, 14, 25). However, reported
rates are influenced by both laboratory- and patient-related
factors, e.g., type of culture media used, incubation time, age of
patients, applied definitions of transient or persistent mold
colonization, and sampling frequencies (8, 32).

Aspergillus may cause several pulmonary manifestations in
CF patients. Allergic bronchopulmonary aspergillosis (ABPA)
is recognized as a severe complication and characterized by an
accelerated decline in lung function. ABPA in CF affects
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mainly older children and adults, with a prevalence rate of 6 to
25% (17, 49). Aspergillus bronchitis is observed in CF patients
not fulfilling the criteria for ABPA but with positive respiratory
tract cultures, and clinical improvement occurs with appropri-
ate antifungal treatment (28, 46). Invasive aspergillosis in the
absence of lung transplantation is rare among CF patients (33).
Finally, Aspergillus may colonize the lungs without causing
apparent clinical disease, and the effects on lung function are
not clear (2, 22). Genotyping studies of A. fumigatus isolates
indicate that patients may be simultaneous or sequentially col-
onized with several different strains but eventually a single
strain becomes dominant (15, 20, 51).

Itraconazole is often used for the treatment of chronic, non-
invasive forms of aspergillosis (28) and has proven effective
and steroid sparing in ABPA cases (31). Voriconazole is rec-
ommended as first-line therapy for invasive aspergillosis (24),
and posaconazole is recommended for prophylaxis in severely
immunocompromised patients (16). Resistance of A. fumigatus
to itraconazole is well recognized and was first reported in 1997
for three clinical isolates obtained in the late 1980s (19). The
main mechanism of azole resistance currently reported is al-
terations to the drug target encoded by the cyp51A4 gene. There
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have been reports describing azole resistance in azole-exposed
patients (27, 30, 48) and also in azole-naive patients, as well as
in the environment in the Netherlands (11, 47, 48) and Den-
mark (36). However, a recent study found no azole-resistant
isolates in CF patients (3).

At our CF center, with a tradition of close monitoring of
patients and aggressive treatment of infections, all three azoles
are frequently used. Thus, we explored the prevalence and
dynamics of molds in respiratory tract samples from a cohort of
approximately 300 CF patients, and we studied particularly the
frequency, genotype, and underlying mechanism of azole re-
sistance among the detected 4. fumigatus isolates. Clinical and
demographic data for patients with and without Aspergillus spp.
in their respiratory samples were also analyzed.

(This work was presented in part at the 1st Meeting of the
ISHAM Working Group on Fungal Respiratory Infections in
Cystic Fibrosis, 7 to 8 June 2009, Angers, France, and at the
4th Trends in Medical Mycology Meeting, 18 to 21 October
2009, Athens, Greece.)

MATERIALS AND METHODS

Patients and samples. At the CF center at Copenhagen University Hospital
Rigshospitalet, patients have been followed with monthly visits in the outpatient
clinic for clinical status and pulmonary function and microbiological investiga-
tions of lower respiratory tract secretions. The diagnosis of CF was based on
abnormal sweat electrolytes, characteristic clinical features, or mutations in the
gene encoding the CFTR protein. Clinical and demographic information was
accessed by using the Copenhagen CF center database. ABPA was defined
according to consensus criteria (49). Patients were treated with azoles (weeks of
therapy were recorded) according to the following guidelines. Aspergillus colo-
nization was treated if patients were symptomatic and no response was achieved
on antibacterial therapy. The first-line treatment was itraconazole (10 mg/kg of
body weight/day), followed by voriconazole (200 to 400 mg twice a day; the dose
was adjusted if the weight of the patient was below 40 kg) or posaconazole (400
mg twice a day). ABPA was treated with an azole in combination with systemic
steroid therapy. The duration of therapy was based on response but was generally
3 to 6 months. Therapeutic drug monitoring (TDM) was performed using a
bioassay at the Statens Serum Institut although not systematically.

Respiratory samples were included prospectively during two sample periods:
sample period I was from 1 July to 31 December 2007 (1,715 samples from 266
patients), and sample period IT was from 1 July to 31 December 2009 (1,620
samples from 274 patients). Two hundred fifty-three patients (88.2%) out of 287
patients provided samples in both periods. Three patients died during sample
periods, and three died between sample periods; four of the six were lung
transplant recipients. The respiratory sample types were sputum, endolaryngeal
suction, tracheal suction, and bronchoalveolar lavage (BAL) samples.

Cases were classified as (i) “mold negative” if no molds were detected in any
of the respiratory samples (n = 130), (ii) “new Aspergillus cases” if patients were
negative for Aspergillus or no samples were provided in 2007 and Aspergillus was
present in 2009 (n = 44), (iii) “persistent Aspergillus colonization” if Aspergillus
species were detected in both sample periods (n = 63), (iv) “Aspergillus coloni-
zation cleared” if patients were Aspergillus positive in 2007 but samples were
negative or no samples were provided in 2009 (n = 38), or (v) “other molds” if
other molds than Aspergillus spp. were detected in one or both sampling periods
(n = 12).

Plating and identification. Primary culture was performed using Sabouraud
glucose (pH 4) agar and 5 bacteriological agars (SSI Diagnostika, Hillergd,
Denmark), incubation at 37°C, and daily examination for up to 5 days. Species
identification and susceptibility testing of the mold isolate(s) were done at the
national reference laboratory according to morphological criteria (18). A. fu-
migatus complex isolates with reduced susceptibility to one or several azoles were
further incubated at 48°C to separate A. fumigatus sensu stricto from cryptic 4.
fumigatus complex species. Aspergillus isolates that could not be identified to the
species level were sequenced as described below.

Susceptibility testing and screening for itraconazole resistance in Aspergillus.
Unique Aspergillus isolates (isolated >6 months apart) underwent EUCAST
susceptibility testing (44) as part of the clinical routine in 2007. Subsequent
isolates were stored at —80°C and screened for azole resistance in parallel with
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isolates from 2009 by using an itraconazole-containing agar (4 mg/liter) (SSI
Diagnostika) (47). Isolates which grew on the itraconazole agar were further
examined according to the EUCAST method (44). Stock solutions (5,000 mg/
liter in dimethyl sulfoxide [Sigma-Aldrich, Brgndby, Denmark]) were as follows
(with manufacturers listed parenthetically): itraconazole (Sigma-Aldrich), vori-
conazole (Pfizer, Ballerup, Denmark), and posaconazole (Schering-Plough,
Glostrup, Denmark). Final drug concentration ranges were 0.03 to 4 mg/liter.
MICs were determined visually as a no-growth endpoint at 48 h of incubation
time. Four A. fumigatus isolates with prominent but not absolute growth inhibi-
tion in the highest itraconazole concentration were further analyzed by using an
extended range up to 16 mg/liter (and these are referred to as nonsusceptible).
Quality control strains Candida krusei ATCC 6258 and C. parapsilosis ATCC
22019 were included but read after 24 h of incubation (50). In addition, resistant
isolates were tested for susceptibility to amphotericin B and caspofungin by using
Etest strips (AB Biodisk, Solna, Sweden) on RPMI 1640-2% glucose agar (SSI
Diagnostika). For caspofungin, aberrant growth in the inhibition zone was ig-
nored.

The following interpretative breakpoints were used for A. fumigatus and
azoles. For itraconazole and voriconazole, the susceptible breakpoint was =1
mg/liter, the intermediate breakpoint was 2 mg/liter, and the resistant breakpoint
was =4 mg/liter. For posaconazole, the susceptible breakpoint was =0.5 mg/liter,
the intermediate breakpoint was 0.5 mg/liter, and the resistant breakpoint was
=1 mg/liter (41, 43, 52).

Molecular identification and detection of resistance mechanisms. DNA was
extracted from fungal cultures as previously described (10). Three isolates of
Aspergillus thermomutatus were identified by sequencing of the B-tubulin gene
(5). An isolate of Aspergillus ustus, two isolates of Aspergillus nidulans, and two
isolates of Penicillium sp. were identified by using universal primers ITS1 and
ITS4 (23). The promoter and full coding region of the cyp514 gene were am-
plified by PCR using the primers OF (5'-TCATATGTTGCTCAGCGG-3') and
4R (5'-CCTATTCCGATCACACCAAA-3") and, in addition, the primers 1R
(5'-CATTGAGCAAGATTGCCG-3'), 2F (5'-CGGCAATCTTGCTCAATG-
3"), 2R (5'-GGTGAATCGCGCAGATAGT-3'), 3F (5'-ACTATCTGCGCGAT
TCACC-3'), 3R (5'-GTCAAGATCCTTGTACTGGAGC-3'), and 4F (5'-CTC
CAGTACAAGGATCTTGAC-3') for the sequencing of the PCR product (34).
The sequences were compared to the sequence of an azole-susceptible wild-type
A. fumigatus isolate (GenBank accession no. AF338659).

Genotyping. Genotyping was performed with a panel of nine short tandem
repeats (TRs) as described previously (21). Microevolution was defined as
small changes in repeat numbers (e.g., addition of one or two repeat units in
a polymorphic locus), indicating a very high degree of relatedness between
isolates. Construction of a phylogenetic tree was performed by using four
microsatellite markers (3A, 3C, 4A, and 4B) used to allow inclusion of data
from the University of Manchester for reference. Distance matrices between the
microsatellite types were generated using the SplitsTree multilocus sequence typing
(MLST) analysis tool on the PubMLST website (http://pubmlst.org/perl/mlstanalyse
/mlstanalyse.pl?site=pubmlst&page =splitstree&referer=pubmlst.org), saved as
files in NEXUS format, and imported into SplitsTree v.4.11.3 (www.splitstree.org).
A nonrooted tree was generated using the neighbor-joining algorithm.

Data analysis. The Mann-Whitney test was used for comparison of two groups
of continuous data without normal distribution. Fisher’s exact test was used to
compare two groups of categorical data. P values less than 0.05 were considered
statistically significant.

RESULTS

Cohort characteristics. A total of 3,336 respiratory samples
from 287 CF patients were included. Aspergillus spp. were
present in 145 patients (51%), of which 63 patients (22%) were
persistently colonized, whereas 12 patients (4%) harbored
other molds (Table 1). Persistently colonized patients and pa-
tients who cleared their Aspergillus colonization were older,
provided more respiratory samples, and were more often
chronically colonized with bacteria than those who were neg-
ative for molds (Table 1). A higher proportion of patients with
persistent Aspergillus colonization had ABPA than those with
no molds (14% versus 5%; P = 0.041). Fewer persistently
colonized patients had diabetes than mold-negative patients
(14% versus 28%; P = 0.032). Patients who cleared their
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TABLE 1. Cohort characteristics by mold colonization status”

Parameter”

Patients with no molds

New Aspergillus cases

Patients with persistent
Aspergillus colonization

Patients who cleared
Aspergillus colonization

Patients with other

(n = 130) (n = 44" r = 63 = 38! molds (n = 12)
Median yr of age (range) 17.5 (0-51) 18.5 (0-49) 23.0 (5-57)¢ 25.0 (2-47)" 25.0 (8-36)
No. of females/males (% females) 66/64 (51) 22/22 (50) 38/25 (60) 20/18 (53) 7/5 (58)
No. (%) of patients with CF genotype
AF508/AF508 80° (62) 31 (70) 45 (71) 307 (79) 9(75)
AF508/other 41 (32) 11 (25) 18 (29) 5(13) 3(25)
Other/other 5(4) 2(5) 0 0 0
No. (%) of patients with CF-related diabetes 37 (28) 13 (30) 9 (14) 10 (26) 4(33)
No. (%) of LTX 10 (8) 5(11) 4 (6) 11 (29) 0
No. (%) of patients with ABPA 6(5) 1(2) 9 (14)* 5(13) 3(25)

Median FEV1% predicted (range) (1)
2007
2009

Median BMI z-score (range) (n)
2007
2009

Respiratory samples
Total no.
Median no./patient (range)

No. (%) of patients with chronic bacterial infection
Pseudomonas aeruginosa
Burkholderia spp.
Achromobacter spp.
Stenotrophomonas maltophilia
Other Gram-negative bacteria
Mycobacteria
Nocardia spp.
Total

80.9 (20.0-118.2) (101)
81.0 (17.0-115.8) (108)

~0.2(-3.51022) (113)
—0.4 (—4.0 to 2.4) (120)

1,317
10 (1-29)

37 (28)
11 (8)
10 (8)
3(2)
2(2)
0
0
63 (48)

79.3 (36.8-129.7) (30)
85.4 (33.1-135.8) (36)

~0.3 (—3.8101.7) (38)
—0.3 (—2.7 to 0.9) (40)

490
12 (2-22)

14 (32)

75.4 (29.8-122.5) (60)
75.1 (28.8-115.0) (60)

—0.4 (2.5 t0 2.7) (60)
—0.4 (—2.7 t0 2.6) (60)

874
12 (4-28)

25 (40)

74.6 (22.0-112.9) (32)
78.1 (26.8-125.5) (27)

~0.4(~5.9100.7) (33)
—0.3 (=3.1t0 1.1) (27)

458
12 (3-20y™

16 (42)

28 (74)°

70.9 (40.1-116.1) (12)
72.1 (37.5-116.5) (12)

03 (~13 to 1.2) (12)
03 (~1.7t0 1.6) (12)

197
17 (8-28)

6 (50)
0

0
1(8)
1(8)
0

0
8(67)

“ LTX, lung transplant recipients; ABPA, allergic bronchopulmonary aspergillosis; FEV1% predicted, forced expiratory volume in 1 s (FEV1) divided by forced vital capacity (as a percentage) divided by the average

population FEV1 for a similar patient.
b 34/44 were colonized with A. fumigatus.

€57/63 were persistently colonized with A. fumigatus, 4/63 were colonized with A. fumigatus in 2007 and A. niger 2009, 1/63 was persistently colonized with A. ferreus, and 1/63 was colonized with A. fumigatus in 2007
and other Aspergillus species in 2009. In total, 62/63 were colonized with A. fumigatus.

437/38 were colonized with 4. fumigatus.

¢ Insufficient data for four patients.

/Insufficient data for three patients.

&P = 0.015 (relative to the mold-negative value).

"P = 0.017 (relative to the mold-negative value).
P = 0.032 (relative to the mold-negative value).

/P = 0.0014 (relative to the mold-negative value).
kP = 0.041 (relative to the mold-negative value).
P < 0.0001 (relative to the mold-negative value).
7 P = 0.023 (relative to the mold-negative value).
" P = 0.032 (relative to the mold-negative value).
2P = 0.009 (relative to the mold-negative value).

” Continuous and categorical data of groups (the rightmost four columns) were compared to the group of patients with no molds by using the Mann-Whitney test and Fisher’s exact test, respectively.
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Aspergillus colonization were more often recipients of lung 9 2599
transplantation than mold-negative patients (29% versus 8%; S5 GEE>>
P = 0.0014). Finally, females were numerically (but not signif- E5% e T SI
icantly) more often persistently colonized with Aspergillus 3 E |pp T=z3z3:
(Table 1). Neither lung function nor body mass index (BMI) croSVo VY
z-scores differed significantly between the groups. Patients with g g <
other molds present had the highest proportion of ABPA, B g 2¢ "8 § ¢ g g g
provided the most respiratory samples, and had the poorest 228 S
lung function. ES g o s o
Detection of Aspergillus spp. and other molds. Totals of g;; Flew we o o = - o
1,715 and 1,621 samples from 266 and 274 patients were ana- f.o’ 2 % == 9@ o a % §
lyzed in 2007 and 2009, respectively. Aspergillus was the most 23
frequently recovered genus, with a constant detection rate 5|8 @ g B
among patients in the two periods (38.0% in 2007 versus 38.3% g o S g8 2 8
in 2009). In both periods, A. fumigatus was the most common & - =
species (37.2% and 33.2% of the cases), followed by Aspergillus S
flavus (4.1% and 4.4% of the cases) and A. fterreus (1.9% and §~N§~
2.6% of the cases). More patients harbored Aspergillus niger in % 2 ?g-‘té § ;
2009 than in 2007 (4.7% versus 0.8%). Finally, one patient 3 § s | S § 2? g
harbored another Aspergillus species in 2007 (A. nidulans), and 2 i § 5 % § 2 % .
four patients harbored other species in 2009 (4. nidulans, A. 8| 8¢ §§ ST O% g
versicolor, A. thermomutatus, and A. ustus). Among other S| © g § § 5 2 g 8
molds, Penicillium spp. and Paecilomyces spp. were isolated E %g §§ 3 ° £
more frequently from patients in 2009 (5.5% and 2.6% versus < Te AR R & :i
0.8% and 0.8% in 2007, respectively). Other molds were de- g 3 g - ow oE E E 8
tected in 1 to 3 patients per sampling period and included Z ;Efgg 22 2z Z =z z
Scedosporium apiospermum, Fusarium spp., Acremonium spp., 2 228 |5S 08 & & <
Trichoderma spp., Scopulariopsis spp., other hyaline hyphomy- = ° =
cetes, Cladosporium spp., other dematiaceous fungi, Rhizopus E ) H-; §
microsporus, and Lichtheimia corymbifera. Thus, overall, 41% B 88 2 = 9 5 =
and 44.5% of the patients harbored at least one mold in the 2 g E ; E E[j'g z
2007 and 2009 study periods, respectively. 5| 2% |23%uz 253 8
Azole susceptibility for Aspergillus isolates. Overall, itra- g ge=3d #£53 %
conazole MICs of =2 mg/liter were found in Aspergillus iso- b o 5
lates from 8/145 (5.5%) patients, including 6/133 (4.5%) pa- 8|« %wé z
tients with A. fumigatus (Tables 2 and 3), 1/9 patients with A. 2187 - . k
terreus (itraconazole MIC of 4 mg/liter and voriconazole MIC 5|2gZE|=5 S z g
of 2 to 4 mg/liter), and 1/1 with three A. thermomutatus isolates LR % g5 8% S
for which the itraconazole, voriconazole, and posaconazole O |F& 3 §§ §
MICs were >4 mg/liter, =4 mg/liter, and 0.125 to 0.25 mg/liter, A D2 s s g
respectively. One patient harbored four A. fumigatus isolates =Ny E g s g = SE 5 i
for which growth was notably reduced in wells with an itra- % ; &2% o g 3 3 g 2
conazole concentration of =2 mg/liter. However, with a stereo & é Ebk se 55 é % R g g
microscope and a stringent no-growth endpoint, the MICs =g éé == S8 8 & =52 g
were >16 mg/liter and are thus indicated as 2/>16 mg/liter in z %':% ég sz %b E 358 2
Table 3. & |52 %% 55 28z ¢
Mutations in the cyp514 gene of A. fumigatus. Seven differ- < 228 ¢
ent amino acid substitutions in the Cyp51A target enzyme were é’oi = § = § & § % % z 7
detected (Tables 2 and 3). For three patients (R1 to R3), only & |97 o s - 55 ¢
nonsusceptible or resistant isolates were found, while for three 2 4 ; EE £
patients (R4 to R6), susceptible as well as resistant isolates 3z So gi -
were recovered. A replacement of leucine with histidine at o E 2 22 | v §§ i
codon 98 (L98H) in combination with a 34-bp tandem repeat 58S :é L S £ § =
in the promoter region of the cyp514 gene (TR/L9SH) was = §Q§A§:§/a i e %?g
detected in 1/1 and 8/10 isolates from patients R2 and RS, 5 =2§T“‘Ti§ 5% | 2 E g EE
respectively. Furthermore, in eight of these nine isolates, this g 2% ‘g = g %l § z § = _38’
was combined with two additional substitutions (S297T and sEf8g5z (25253
F4951). Noticeably, in one sample from patient RS, two distinct 225 2 T5E 82 § 5 S
azole-resistant isolates were recovered; one isolate had the . - . E vfﬁ Q;% h 2 ?;ﬁ < r::z
TR/L98H-S297T-F4951 substitutions, and the second had only v Y 2 o2 & N :
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TABLE 3. MICs, CypS1A amino acid alterations, and genotypes by patients with azole-resistant, azole-susceptible, and
environmental A. fumigatus isolates

MIC (mg/liter)’ G .,
. enotype
Isolate Sample date  ITC agf g EUCAST Etest Cyp51A alteration P
(day.mo.yr)  result

ITC VRC POS AMB CAS 2A 2B 2C 3A 3B 3C 4A 4B 4C
R1-07-1_R*  04.01.2007 + >4 4 >4 1 0.064 M220K 23 23 15 35 10 20 13 9 5
R1-07-2_R  22.11.2007 + >4 2 >4 0.5 ND M220K 23 23 15 35 10 20 13 9 5
R2-07-1_R 22.10.2007 + >4 0.5 0.5 025 ND TR/L98H-S297T-F4951 14 20 8 40 9 11 8 10 20
R3-07-1_nS  07.08.2007 v 2/>166 2 025 05 0.016 Y431C 19 26 9 31 11 36 20 9 8
R3-07-2_.nS  21.08.2007 v >2/>165 2 0.125 025 0.016 Y431C 19 26 9 31 11 36 20 9 8
R3-07-3_nS  27.08.2007 v >2/>16° 2 0.125 025 0.016 Y431C 19 26 9 31 11 36 20 9 8
R3-07-4_nS  14.09.2007 v >2/>165 1 0.125 0.5 0.032 Y431C 19 26 9 31 11 36 20 9 8
R4-07-1_S 17.07.2007 - 1 1 0.25 0.5 0.032 Not found 18 23 16 35 13 18 15 9 10
R4-07-2_S 05.12.2007 - 0.5 1 0.5 0.5 0.016 Not found 18 23 16 35 13 18 15 9 10
R4-09-1_R  09.07.2009 + >4 1 4 0.5 0.016 M2201-V101F 18 23 16 35 13 18 15 9 10
R4-09-2_R 16.07.2009 + >4 1 4 0.25 0.032 M220I-V101F 18 23 16 35 13 18 15 12 10
R4-09-3_R”  21.07.2009 + >4 2 4 0.5 0.016 M220I-V101F 18 23 16 35 13 18 15 9 10
R4-09-4_R 10.08.2009 + >4 1 4 0.25 0.032 M220I-V101F 18 23 16 35 13 18 15 9 10
R4-09-5_R 07.09.2009 + >4 1 4 1 0.032 M220I-V101F 18 23 16 35 13 18 15 12 10
R4-09-6_R  25.09.2009 + >4 4 0.5 0.5  0.125 Not found 18 23 16 35 13 18 15 9 10
R4-09-7_R 23.10.2009 + >4 4 4 0.5 0.032 M220I-V101F 18 23 16 35 13 18 15 12 10
R4-09-8_R 24.11.2009 + >4 2 1 1 0.094 M220I-V101F 18 23 16 35 13 18 15 9 10
R4-09-9_S 26.11.2009 - 0.5 0.5 025 1 0.016 Not found 18 23 16 35 13 18 15 9 10
R4-09-10_R  14.12.2009 + >4 2 4 0.5 0.016 M220I-V101F 18 23 16 35 13 18 15 9 10
R5-07-1_R 01.08.2007 + >4 1 0.5 0.5 0.016 TR/L98H-S297T-F4951 14 20 8 40 9 11 8 10 20
R5-07-2_R 16.11.2007 + >4 1 1 0.5 0.032 TR/L98H-S297T-F4951 14 20 8 40 9 11 8 10 20
R5-07-3_R 20.11.2007 + >4 1 0.5 0.5 0.016 TR/L98H-S297T-F4951 14 20 8 40 9 11 8 10 20
R5-07-4_R 06.12.2007 + >4 1 1 0.5 0.016 TR/L98H-S297T-F4951 14 20 8 40 9 11 8 10 20
R5-09-1_R®  12.05.2009 + >4 4 2 0.5 0.032 TR/L98H-S297T-F4951 14 20 8 40 9 11 8 10 20
R5-09-2_S 28.07.2009 - 0.25 0.25 0.06 0.5 0.064 Not found 23 24 15 34 12 19 13 9 5
R5-09-3_R  31.08.2009 + >4 2 1 1 0.032 TR/L98H-S297T-F4951 14 20 8 40 9 11 8 10 20
R5-09-4_S 13.11.2009 - 0.25 0.25 0.06 0.5 0.064 Not found 13 20 9 34 9 10 10 10 19
R5-09-5a_R  24.11.2009 + >4 2 1 0.5 0.032 TR/L98H-S297T-F4951 14 20 8 40 9 11 8 10 20
R5-09-5b_R 24.11.2009 + >4 4 1 0.5 0.016 TR/L98H 23 10 9 10 10 6 8 10 20
R6-07-1_S 01.08.2007 - NA" NA NA NA NA NA 25 20 12 34 9 10 2 10 17
R6-07-2_S 27.08.2007 - NA NA NA NA NA Not found 23 23 15 36 11 20 13 9 5
R6-07-3_S 11.10.2007 - NA NA NA NA NA NA 23 23 15 36 11 20 13 9 5
R6-09-1_S°¢ 09.03.2009 - 0.5 1 0.25 0.5 0.125 Not found 23 23 15 37 11 20 13 9 5
R6-09-2_S 14.07.2009 - NA NA NA NA NA NA 23 23 15 36 11 20 13 9 5
R6-09-3_R 10.08.2009 + >4 2 0.5 2 0.064 Not found 8 19 8 37 15 20 9 9 5
R6-09-4_S 23.08.2009 - NA NA NA NA NA NA 8 19 8 37 15 20 9 9 5
R6-09-5_S 27.08.2009 - NA NA NA NA NA NA 23 23 15 36 11 20 13 9 5
R6-09-6_S 21.09.2009 - NA NA NA NA NA NA 23 23 15 36 11 20 13 9 5
R6-09-7_S 06.10.2009 - NA NA NA NA NA NA 14 19 8 36 18 7 8 27 5
R6-09-8_R 13.10.2009 + >4 2 0.25 2 0.064 Not found 24 23 15 36 11 20 13 9 5
R6-09-9_S 18.11.2009 - NA NA NA NA NA NA 23 23 15 36 11 20 13 9 5
R6-09-10_S  07.12.2009 - NA NA NA NA NA NA 23 23 15 36 11 20 13 9 5
R6-09-11_S  28.12.2009 - NA NA NA NA NA NA 23 23 15 36 11 20 13 9 5
S1-07-1_S 07.08.2007 - 0.125  0.25 006 05 0125 NA 18 17 15 35 21 24 16 9 8
$1-07-2_S 25.10.2007 - 1 0.25 0125 0.5 ND NA 18 23 19 32 13 27 17 9 5
S1-07-3_S 26.10.2007 - 0.5 1 0.25 0.5 0.094 Not found 18 17 15 36 21 24 16 9 8
S1-07-4_S 10.12.2007 - 025 0125 006 05 ND NA 18 17 15 35 21 24 16 9 8
S$1-09-1_S 03.08.2009 - 0125 0.5 0125 05 0.032 NA 18 17 15 35 21 24 16 9 8
S1-09-2_S 07.09.2009 - NA NA NA NA NA NA 18 23 19 33 13 27 17 9 5
$1-09-3_S 26.10.2009 - NA NA NA NA NA NA 18 23 19 32 13 27 17 9 5
S$1-09-4_S 04.12.2009 - NA NA NA NA NA NA 18 17 15 35 21 24 16 9 8
S1-09-5_S” 07.12.2009 - NA NA NA NA NA NA 18 17 15 35 21 24 16 9 8
$2-09-1_S 23.11.2009 - 0.25 1 0.06 1 0.064 Not found 2520 8 10 10 21 9 10 5
T11_R 03.07.2009 + >4 4 2 NA NA TR/L9SH 14 21 12 31 9 38 8 10 5
T18_R 03.07.2009 + >4 4 0.5 NA NA TR/L9SH 10 20 8 32 9 7 8 9 19
T22_R 03.07.2009 + >4 4 0.25 NA NA TR/L9SH 14 24 14 39 10 7 8 11 5
R13_R” 14.07.2009 + >4 4 1 NA NA TR/L9SH 20 10 12 8 10 13 8 9 11

“ Isolates obtained prior to sample periods.
b Possible contamination by an isolate with another genotype. R4-09-3 also gave 12 repeats at marker 4B, S1-09-5 gave 23, 13, and 27 repeats at markers 2B, 3B, and

3C, respectively, and R13 gave 0 repeats at marker 3A.

¢ Isolates obtained between sample periods.
4 Number of tandem repeats at the given microsatellite number.
¢ ITC, itraconazole; +, growth of A. fumigatus; —, no growth; v, variable growth.
7VRC, voriconazole; POS, posaconazole; CAS, caspofungin; AMB, amphotericin B; ND, not determined.
£ By using a stringent no-growth endpoint, the MIC was >16 mg/liter; however, growth was notably reduced in wells containing =2 mg/liter itraconazole. Thus, the
MIC is indicated as 2/>16 mg/liter.
"' NA, not analyzed.
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the TR/L98H substitution. In two patients, substitutions were
detected at the amino acid hot spot position 220 (M220K for
patient R1 and M220I for patient R4), and for patient R4, an
additional substitution (V101F) was also found. From patient
R3, we found four itraconazole-nonsusceptible isolates with a
Y431C substitution. No Cyp51A substitutions were found in
three azole-resistant isolates from patients R4 and R6. One of
the Cyp51A substitutions was associated with multiazole resis-
tance (M220K), while the isolates with M220I and TR/L98H
substitutions were consistently resistant to itraconazole and
posaconazole but variably susceptible to voriconazole.

Exposure to anti-Aspergillus azoles. All six patients with
azole-resistant A. fumigatus isolates had been exposed to mold-
active azoles for a total of 46 to 278 weeks prior to the detec-
tion of the resistant isolate and overall for more weeks than
patients with no mold or susceptible Aspergillus isolates (Table
2). Patients R1 and R4 with the hot spot mutation M220
received azole therapy for prolonged periods, 260 and 278
weeks, respectively. The remaining patients with azole-resis-
tant isolates were treated with azoles for shorter periods, 30 to
175 weeks, and not at all in the years 2001 to 2003. TDM was
performed on a total of 20 serum samples from four of the six
patients since 2007, showing drug concentrations below the
recommended level from each of the patients.

Genotyping. Microsatellite typing was used to analyze the
relatedness of isolates obtained from patients R1 to R6, S1,
and S2 and four environmental azole-resistant isolates harbor-
ing the TR/L98H substitution (T11, T18, T22, and R13; Table
3) (36). For three patients (R1, R3, and R4) identical or nearly
identical genotypes were found within each individual, despite
the fact that both azole-susceptible and azole-resistant isolates
were recovered from patient R4. Each of three other patients
(R5, R6, and S1) harbored multiple isolates which had two or
more unrelated genotypes. The azole-resistant isolates from
patient R5 were unrelated to the susceptible isolates, whereas
the genotypes of resistant and susceptible isolates from patient
R6 were identical or nearly identical. A unique azole-resistant
isolate from patient R2 had a genotype identical to those of the
seven isolates from patient RS. Figure 1 shows a phylogenetic
tree based on four microsatellite markers of the genetic relat-
edness of the isolates in comparison with isolates from Man-
chester for reference. The resistant clinical isolates (both with
and without Cyp51A substitutions) and environmental isolates
are distributed among susceptible isolates, and both Danish
and Manchester isolates are distributed among each other.

DISCUSSION

This study has shown that molds could be recovered from
more than 40% of our CF patients, with more than 20% being
persistently colonized with Aspergillus spp. A. fumigatus was
the predominant species and involved in the majority of cases
of persistent colonization. We observed that among the pa-
tients with A. fumigatus, 4.5% harbored nonsusceptible or az-
ole-resistant isolates, and all of these patients were previously
exposed to azoles. This frequency is in the high end of the
range from earlier reports (26). Furthermore, we showed that
the isolates with the TR/L98H resistance mechanism which we
recently detected in environmental samples in Denmark al-
ready existed in the CF patients (36). Finally, we observed that
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patients persistently colonized with Aspergillus spp. were older,
provided more samples, and experienced more ABPA, and the
proportion of these patients with chronic bacterial infections
was greater than the proportion of mold-negative patients with
these infections.

The detection frequency for molds varies considerably be-
tween centers. Most studies have focused on A. fumigatus and
reported detection rates ranging from 5.9 to 57% (4, 7, 12, 39,
40, 45). We included both children and adults and showed an
A. fumigatus detection rate of more than 33% (both sample
periods), which falls in the middle of this wide range. We found
that the detection rates for most mold species were stable over
the two periods, but species such as A. niger, Penicillium spp.,
and Paecilomyces spp. were isolated from more patients in the
second period. Seasonal variation was not the cause of this, as
both sample periods were the last 6 months of the year.

We found that A. flavus and A. terreus were consistently the
second and third most frequently detected in both sample
periods, respectively. Other centers have reported that S. ap-
iospermum and A. terreus are the second and third most fre-
quently observed filamentous fungi (42). However, the routine
media and incubation time used in our study are not optimal
for species like S. apiospermum and E. dermatitidis, and thus,
the prevalence rates of these are probably underestimated
(9, 38).

A number of studies have investigated the clinical signifi-
cance of molds in the airways of CF patients not fulfilling the
criteria for ABPA, and most have been limited to A. fumigatus
(29, 37). Amin et al. (2) recently reported more pulmonary
exacerbations requiring hospitalization in persistently colo-
nized CF patients, whereas de Vrankrijker et al. (22) did not
find a negative impact on lung function. In our study, patients
persistently colonized with Aspergillus had more pronounced
obstructive lung disease, but the association was not statisti-
cally significant. Moreover, we found that persistently colo-
nized patients were older, and the proportion of females in this
group was higher, supporting similar findings reported by oth-
ers (35). Traditionally, diabetes has been considered a predis-
posing condition for fungal infections, but surprisingly, a re-
cent French study showed that diabetes was less common in
patients with Aspergillus than in those without it (40). We
confirm this observation among the persistently colonized pa-
tients, and thus, the linkage between Aspergillus and a lower
incidence of diabetes should be further explored.

Azole resistance in A. fumigatus from CF patients has been
only sporadically detected (27, 30, 48). In, to our knowledge,
the most comprehensive published report, the authors studied
159 isolates from 11 patients defined as chronically colonized
but found no azole-resistant isolates (3). We analyzed 413 A.
fumigatus isolates from 133 patients and found nonsusceptible
or azole-resistant isolates in the samples from six patients
(4.5%), a rate that may underestimate the true rate of vori-
conazole- and posaconazole-resistant isolates, as we used for
the majority of isolates an itraconazole screening agar (1, 11,
54). Seven different substitutions in Cyp51A were found. Six of
the substitutions have been reported previously (27, 47), but to
our knowledge, the V101F substitution is novel. This was
found exclusively in combination with a confirmed resistance
mechanism (M220), so it is unclear whether V101F is associ-
ated with susceptibility. Furthermore, we found the Y431C
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FIG. 1. Phylogenetic tree of A. fumigatus isolates from Danish CF patients with azole-resistant or -nonsusceptible isolates (R1 to R3), with both
azole-resistant and -susceptible isolates (R4 to R6), and with a susceptible isolate(s) (S1 and S2) in relation to azole-resistant environmental
isolates from Denmark (T11, T18, T22, and R13) and to isolates from patients from a geographically separated environment in Manchester, United
Kingdom (F, A, and AF). _S, _nS, and _R indicate azole-susceptible, -nonsusceptible, and -resistant isolates, respectively; * indicates TR/LISH
isolates. The scale bar indicates the number of nucleotide substitutions per site.

amino acid substitution in four isolates with no other target
gene mutations. The isolates showed variable growth on the
itraconazole agar and prominent but not absolute growth in-
hibition visible using a stereo microscope in the wells with 2 to
16 mg/liter itraconazole in the EUCAST plate. The Y431C
substitution has previously been found in a multiazole-resistant
isolate in a cohort from Manchester (27). Though the present

findings suggest a potential role for this alteration in resistance
development, other factors (such as the presence of efflux
pumps or overexpression of a target gene) may be required to
result in the multiazole resistance phenotype observed in Man-
chester.

An interesting aspect of this study is the variety of different
cyp51A mutations found, which parallels what has been de-
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scribed in Manchester (United Kingdom) from a center which
manages patients with long-term azole therapy (27). In con-
trast, in the Netherlands, more than 90% of azole-resistant
isolates shared the same TR/L98H resistance mechanism (48),
which has also been demonstrated in azole-resistant environ-
mental isolates (53, 54). We detected the TR/L98H resistance
mechanism in nine isolates from two patients. In addition,
eight of these isolates also had two extra substitutions in the
Cyp51A protein (S297T and F4951). Though any potential role
for these substitutions in resistance has yet to be confirmed,
they have also been found in clinical and environmental sam-
ples from the Netherlands, but only in combination with the
TR/L98H alteration (47).

It has previously been suggested that patients can acquire
azole-resistant isolates by two means: selection in the individ-
ual patient during treatment or de novo inhalation of resistant
isolates present in the environment. Our data support both
theories. First, there was evidence of evolution within the lung,
by identification of susceptible and resistant isolates of the
identical or closely related genotypes, suggesting selection of
resistance in vivo. Second, two patients had the same isolates,
both with TR/L98-S297-F495 alterations, suggesting acquisi-
tion of a single strain which was resistant prior to colonization.
Third, none of the susceptible isolates shared a genotype with
the TR/L98H isolates from the same patients, while patients
with isolates with other resistance mechanisms simultaneously
harbored susceptible isolates with identical genotypes. Finally,
there was a trend toward patients with the TR/L9SH pheno-
type having less azole exposure than the patients with M220
substitutions.

Previously, it was shown that CF patients may harbor several
genotypes of A. fumigatus in their lungs both at the same time
and in serial samples (3, 20). Our analysis of both azole-sus-
ceptible and -resistant isolates from eight patients showed that
several genotypes could be detected in a single patient as well
as in a single sample. Isolates with identical or nearly identical
genotypes were detected in patients R1, R3, and R4 (both
azole-susceptible and -resistant isolates). From patient R2, we
had a single TR/L98H-S297T-F4951 isolate with a genotype
identical to that of all the isolates with the same resistance
mechanism from patient R5. We were not able to identify
the source of this coincidence and cannot exclude the pos-
sibility of mislabeling of a respiratory sample. However,
transmission from patient RS to R2 is also, at least in theory,
a possibility, albeit unlikely. Alternatively, both patients
could have independently acquired this resistant isolate
from the environment.

In conclusion, the emergence of azole resistance in the A.
fumigatus isolates of CF patients is of concern. First, patients
may later develop Aspergillus bronchitis or severe complica-
tions, such as ABPA. Second, in patients undergoing lung
transplantation, an azole-resistant invasive infection may de-
velop. Due to the fact that azoles are the only available oral
group of drugs for the treatment of these conditions, clinical
management of azole-resistant infections is challenging. More
longitudinal and prospective studies on the clinical significance
of molds in the CF respiratory tract are needed, especially in
order to define which patients will benefit from the treatment
of fungal colonization outside the ABPA setting.
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