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Abstract

Background: Eumycetoma is a neglected tropical disease. It is a chronic inflammatory
subcutaneous infection characterised by painless swellings which produce grains. It
is currently treated with a combination of itraconazole and surgery. In an ongoing
clinical study, the efficacy of fosravuconazole, the prodrug of ravuconazole, is being
investigated. For both itraconazole and ravuconazole, no clinical breakpoints or epi-
demiological cut-off values (ECV) to guide treatment are currently available.
Objective: To determine tentative ECVs for itraconazole and ravuconazole in Madurella
mycetomatis, the main causative agent of eumycetoma.

Materials and Methods: Minimal inhibitory concentrations (MICs) for itraconazole
and ravuconazole were determined in 131 genetically diverse clinical M. mycetomatis
isolates with the modified CLSI M38 broth microdilution method. The MIC distribu-
tions were established and used to determine ECVs with the ECOFFinder software.
CYP51A sequences were sequenced to determine whether mutations occurred in this
azole target gene, and comparisons were made between the different CYP51A vari-
ants and the MIC distributions.

Results: The MICs ranged from 0.008 to 1 mg/L for itraconazole and from 0.002 to
0.125mg/L for ravuconazole. The M. mycetomatis ECV for itraconazole was 1 mg/L
and for ravuconazole 0.064 mg/L. In the wild-type population, two CYP51A variants
were found for M. mycetomatis, which differed in one amino acid at position 499
(5499G). The MIC distributions for itraconazole and ravuconazole were similar be-
tween the two variants. No mutations linked to decreased susceptibility were found.
Conclusion: The proposed M. mycetomatis ECV for itraconazole is 1 mg/L and for

ravuconazole 0.064 mg/L.
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azoles, CYP51A, epidemiological cut-off values, eumycetoma, Madurella mycetomatis,
mycetoma

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction
in any medium, provided the original work is properly cited and is not used for commercial purposes.
© 2022 The Authors. Mycoses published by Wiley-VCH GmbH.

1170 wileyonlinelibrary.com/journal/myc

Mycoses. 2022;65:1170-1178.


www.wileyonlinelibrary.com/journal/myc
https://orcid.org/0000-0002-1454-6149
https://orcid.org/0000-0001-9563-7108
mailto:﻿
mailto:w.vandesande@erasmusmc.nl
http://creativecommons.org/licenses/by-nc/4.0/

NYUYKONGE ET AL.

Wi LEYJﬂ

ycoses

1 | INTRODUCTION

Mycetoma is a chronic granulomatous subcutaneous inflammatory
disease characterised by massive tissue destruction, deformities and
disabilities and can be fatal if not treated appropriately.! The clinical
triad of painless subcutaneous masses, multiple sinuses and purulent
and sero-purulent discharge that contain grains is pathognomic of
mycetoma. The causative agents are embedded within these grains.?
Mycetoma can be caused by bacteria and fungi, with the filamentous
fungus Madurella mycetomatis being by far the most common caus-
ative agent, reported in 42.9% (7076/16527) of all cases.®

Fungal mycetoma is treated with a combination of antifungal
therapy and surgery. The most common treatment regimen consists
of 400mg of itraconazole per day for six months, followed by sur-
gical removal of the lesion and then 400 mg of itraconazole per day
for six months.* Due to the limited efficacy and side effects asso-
ciated with itraconazole, a single-centre, comparative, randomised,
double-blind trial was started in 2017 to determine the efficacy of
fosravuconazole the prodrug of ravuconazole, combined with sur-
gery in patients with M. mycetomatis eumycetoma in Sudan (https://
clinicaltrials.gov/ct2/show/NCT03086226).°

Although many mycetoma patients have been treated with
itraconazole, the responses differ from patient to patient and range
from complete cure (8%, 1 out of 13) to partial response (69%, 8
out of 13), stable disease (23%, 3 out of 13) and massive recurrence
(8%, 1 out of 13).6 At the moment, there are no predictors of patient
outcome established for mycetoma, although they are available for
more common fungal infections such as candidiasis’ and aspergil-
losis.2 The most important indicator is the clinical breakpoint, with
which the minimal inhibitory concentration (MIC) of the patient
isolate can be used to predict the therapeutic response. Clinical
breakpoints are usually established using a combination of in vitro,
in vivo and clinical data, including the distribution of MICs, pharma-
cokinetic and pharmacodynamic (PK/PD) data from animal models
and clinical outcome data.’ Although a reference method for in vitro
susceptibility testing has been described for M. mycetomatis, there
are no clinical breakpoints set by either the European Committee
on Antimicrobial Susceptibility Testing (EUCAST) or the Clinical and
Laboratory Standards Institute (CLSI). When clinical breakpoints
are unavailable, the establishment of epidemiological cut-off values
(ECVs) can provide a means to detect isolates with elevated MICs
against antimicrobial agents. For determination of ECVs, the normal
distribution of MICs in a collection of wild-type isolates is needed.
Typically, wild-type (WT) isolates follow a log-normal distribution
and the upper end of that distribution is defined as the epidemio-
logical cut-off value (ECV or ECOFF).” Isolates with an MIC above
the ECV are considered to be non-wild-type (non-WT) isolates and
to have a reduced susceptibility to the agent under evaluation due to
acquired mutational or other resistance mechanisms.'® While ECVs
do not predict the clinical success of therapy, these endpoints could
identify the isolates at risk for resistance to the therapy given.10

Over the years, ECVs have been established for many fungi, but
so far, none have been established for M. mycetomatis. The main
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reason for this was that there were not enough isolates available
to determine MICs. We, therefore, collected a large number of clin-
ical M. mycetomatis isolates and used them to propose ECVs for M.
mycetomatis for itraconazole and ravuconazole using our M. myce-
tomatis in vitro antifungal susceptibility assay based on the Clinical
and Laboratory Standards Institute (CLSI) guideline M38%'2 and to

A13,14 a

assess whether variations in the azole target gene CYP51 re

associated with elevated MICs.

2 | MATERIALS AND METHODS

2.1 | Isolates

A total of 131 M. mycetomatis isolates obtained between 1999 to
2021 were included in this study (supplemental data). The majority
of these isolates were obtained from individual cases of mycetoma
from Sudan (n = 126), Algeria (n = 1), India (n = 1), Mali (n = 1), Peru
(n = 1) and Somalia (n = 1). DNA was extracted using the modified
ZR Fungal/Bacterial DNA MicroPrep™ kit (Zymo Research) as previ-
ously described.'® The identity of the isolates was established by
amplifying and sequencing the internally transcribed (ITS) spacer
region as previously described.’®2® The genetic diversity was de-
termined by using the MmySTR typing assay according to the previ-

ously published protocol.?°

2.2 | Amplification and sequencing of the
CYP51A gene

To sequence the M. mycetomatis CYP51A gene, the gene was ampli-
fied by three different PCR primer pairs, which were designed based
on reference sequence (LCTW02000059.1) using Primer3 4.1.0
software. The first primer pair consisted of primers CYP51A-2019_
Fw1-CTAGAGACCGGACGCCAAG, 75bp upstream of the start
codon and CYP51A-2019_Rv1-GCACGGTTAGCCAAGCTATT and
resulted in a 645bp PCR product, spanning nucleotides 1-573
of the CYP51 gene. The second primer pair consisted of primers
CYP51A-2019_Fw2-CGTGTGCGGTGTTGAAGG and CYP51A-2019_
Rv2-TTGGCGAGATCCTCGTACTT and resulted in a 680bp
PCR product, spanning nucleotides 520-1199 of the CYP51A
gene. The third primer pair consisted of primers CYP51A-2019_
Fw3-GAGGAGCTCTACCAGGAGCA and  CYP51A-2019_Rv3-
GTCCCATCTTTGGTCGTCAT, which was 29 bp downstream of the
stop codon and resulted in a 633 bp PCR product, spanning nucleo-
tides 1126-1726 of the CYP51A gene. Each amplification reaction
consisted of 12.5 pl of FastStart Master mix (Roche Diagnostics),
0.5 pum forward primer, 0.5 pm reverse primers, 8 ul of H,0 and
20ng of genomic DNA in a 25pl reaction volume. The 40cycle
PCR conditions were as follows: initial denaturation at 95°C for
1 min, 30s of denaturation at 95°C, 30s annealing at 60°C and
final extension of 5 min at 72°C. The PCR products were visual-
ised on 1% Sphaero Q (Sphaero Q), agarose gel electrophoresis.
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The PCR products were then cleaned with ExoSap-IT express kit
(Thermofisher) as suggested by the manufacturer. Following ampli-
fication, visualisation and cleaning of the PCR product, a sequence
reaction was performed using the BigDye Terminator v3.1 Cycle
Sequencing Ready Reaction kit (Applied Biosystems) according to
the manufacturer's instructions. The 11 pl sequencing reaction con-
sisted of 1 ul of cleaned PCR product, 0.1 pl primer (50pum), 1.5 pl
buffer 5x sequencing buffer, 1 ul BigDye mix and 7.4 ul water. The
35cycles sequencing reaction included denaturation at 96°C for
10 s, annealing at 50°C for 5 s and extension at 60°C for 4 min.
The sequencing products were purified with sodium acetate/alco-
hol precipitation and sequenced on the ABI 3130 Genetic Analyser
capillary sequencer according to the manufacturer's instructions.
The sequences obtained were analysed using the Chromas soft-
ware (Technelysium Pty Ltd). Furthermore, the sequences were
translated to a protein sequence and then compared to the refer-
ence CYP51A protein sequence for M. mycetomatis from the MM55
reference isolate.

2.3 | Prediction of the crystal structure of the M.
mycetomatis CYP51A protein

Since there is no exact crystal structure available for the M. my-
cetomatis CYP51A protein, the 3D structure for CYP51A was built
using the Swiss Modelling Homology Software.?! First, we identi-
fied a suitable template (Aspergillus fumigatus CYP51A), followed by
sequence alignment and model assembly and refinement. We used
HOPE to compare the model structure for both variants based on a
homologous structure of CYP51A from A. fumigatus. This was done
using the Yasara & WHAT IF Twinset as described.?? Structural infor-
mation was obtained using information from WHAT IF web services,

the Uniprot database and Reprof software.??
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2.4 | Antifungal susceptibility testing

Minimum inhibitory concentrations were determined indepen-
dently in triplicate using our previously reported modified CLSI-
based
ino)carbonyl]-2H-tetrazolium hydroxide (XTT) assay.!' For M.
mycetomatis, we had to modify the third edition of the CLSI M38
Reference Method for Broth Dilution Antifungal Susceptibility

2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylam

Testing of Filamentous Fungi, slightly to be able to perform in vitro
susceptibility testing on hyphal fragments as M. mycetomatis does
not sporulate. In short, fungal isolates were grown for two weeks
in Sabouraud dextrose agar and transferred to RMPI 1640 medium
(Lonza) supplemented with L-glutamine (0.3 g/L) and 20mmol/L
morpholinepropanesulphonic acid (MOPS), sonicated for 10 s at
10 microns (Soniprep) and grown for seven days at 35°C with 5%
carbon dioxide. After seven days, the mycelia were harvested by
centrifuging for 5 min at 2500 g (Rotanta 46R). The fungal suspen-
sion was homogenised by sonicating for 10 s at 10 microns, and
a fungal hyphal suspension with a transmission ranging between
68% and 72% (Novaspec Il, Pharmacia Biotech) was prepared. One
hundred microliters of the fungal suspension was transferred to a
round bottom 96-well plate, followed by the addition of 1 pl of the
corresponding antifungal agent. The plate was incubated for seven
days at 35°C with 5% carbon dioxide. Itraconazole was obtained
from Janssen Pharmaceutica and ravuconazole from Eisai (Eisai
Co., Ltd). Stock solutions of these agents were prepared in dimethyl
sulfoxide (DMSO). For each antifungal agent, a twofold series was
tested. For itraconazole, the concentrations ranged from 0.008 to
4 mg/L and for ravuconazole from 0.002 to 1 mg/L. After incubat-
ing the fungal suspension with the antifungal agents for one week,
100l of XTT was added to each well and incubated at 37°C for
2h and at room temperature for 3 h to facilitate endpoint reading.

One hundred microliters of the suspension was transferred to a
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FIGURE 1 Minimum spanning tree
showing 131 M. mycetomatis isolates
obtained from unique patients. Each circle
represents a genotype, and the size is
directly proportional to the number of
isolates within a genotype. The number
and thickness of the lines between the
circles are directly proportional to the
differences in STR markers between
genotypes. In total, 56 different
genotypes are noted. With blue coloured
circles indicate isolates which harbour the
CYP51A-499S variant. The yellow coloured
circles indicate isolates which harbour the
CYP51A-499G genotype.
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flat bottom plate, and the plate was read at 450nm. The MIC was
considered to be the concentration that inhibited 80% or more of

the fungal growth.

2.5 | Statistical analysis

To calculate the ECV, the 2020 updated version of ECOFF finder
(https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_
files/MIC_distributions/ECOFFinder_XL_2010_v2.1_web_versi
on.xIsm) was used. This Microsoft Excel® worksheet uses the it-
erative statistical method as described by Turnidge and associates.?
The calculated ECV comprised >97.5% of the statistically modelled
population. The differences in susceptibility between CYP51A vari-
ants were determined by comparing median MICs using the Mann-
Whitney test.

3 | RESULTS

3.1 | Epidemiological cut-off values (ECVs) for
ravuconazole and itraconazole

To determine the ECV for Madurella mycetomatis for itraconazole and
ravuconazole, 131 unique patient samples were included. They were
identified as M. mycetomatis by sequencing the ITS regions and were
genetically diverse, as 60 different genotypes were observed among
the 131 M. mycetomatis isolates included in this study (Figure 1). The
isolates had an overall low MIC for itraconazole and ravuconazole, with
the MIC ranging from 0.008 to 1 mg/L for itraconazole and from 0.002
to 0.125mg/L for ravuconazole (Table 1). The median MIC of itra-
conazole was 0.064mg/L and that of ravuconazole was 0.008 mg/L.
The MIC90 was 0.25mg/L for itraconazole and 0.032mg/L for ravu-
conazole. As calculated by the ECOFF finder, the proposed ECV was
1 mg/L for itraconazole and 0.064 mg/L for ravuconazole.

3.2 | Two CYP51A variants are present in the M.
mycetomatis wild-type (WT) population

To determine whether non-WT M. mycetomatis isolates would har-
bour mutations in the CYP51 gene, the CYP51A gene of all isolates
was sequenced. The M. mycetomatis CYP51A gene was 1726 bp and
had two introns of 62bp and 74bp and 3 exons of 246, 198 and
1146 bp, as shown in Figure 2. Based on sequence comparison of the
population, it was observed that, in total, five synonymous muta-
tions were found in the population, as shown in Figure 3A. Four of
the five mutations were within exons. Only C546A was located in an
intron. Next to the synonymous mutations, a single nonsynonymous
mutation was noted. This nonsynonymous mutation was found at
nucleotide 1631, where either an A or G was present (Figure 3A).
A serine was found at position 499 of the enzyme in 65% of the
population, while in the remaining 35% of the population, a glycine

ycoses
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TABLE 1 MICdistribution and ECVs of 131 M. mycetomatis isolates against itraconazole and ravuconazole

No. of isolates with a MIC (mg/L) of

No. of

isolates
tested

>16

16

0.5

0.004 0.008 0.016 0.032 0.064 0.125 0.25

MIC90 (mg/L) ECV 97.5% (mg/L) <0.002

MIC50 (mg/L)

19 27 24 21 16 10
29

13
E8)

0.25

131 0.064

131

Itraconazole

26 21 16

0.032 0.064

0.008

Ravuconazole

Wi LEYJE
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CYPS1A-4995 1 ATGGGTCTCGTTCAAGATATCGCGAGCCCGCTGGCCGAGGGGTTCTCACGGTTCGGCCTG 60 FIGURE 2 Two CYP51A variants are
CYPSIA-899G 1 ueennennnnennnnennnneennnennnneennssennseennseennseenneees 60 available in the M. mycetomatis wild-type
CYPS1A-4995 61  GCGTCGCAGATCGGCATCGCGTTCGGCGTCTTCCTGTTCGTCGCTGTCTTGCTCAATGTC 120 ) .

B 2T R S 120 (WT) population: The CYP51A (eburicol
CYPS1A-4995 121  CTCCAGCAAGTGCTCTTCAGGAATCCCAACGAGCCGCCCCTCGTCTTCCACTGGTTCCCC 180 14-alpha-demethylase) DNA sequence of
CYPSIA-899G 121  «ueeuneeenne e ene e ene e e e a e e e e e e e e e e e amae e eae e e aeeenaean 180 o

CYPS1A-499S 181 240 Madurella mycetomatis. It is 1726 bp long
CYP51A-499G6 181 240 and contains two introns of 62 and 74 bp,
CYPS1A-4995 241 300 : 8 o )
CYPS1A-499G 241 300 which are underlined and highlighted in
CYPS1A-4995 301 CTTGACAGTACGGCGAATGCTTCACTTTTGTCCTTCTCGGCAAGAAGACGACCGTGTACC 360 yellow, with three exons of 246, 198 and
CYPSIA-899G 301 & oernsvsnnnnennnnennnennneesnneessnessnneesnneennneennneees 360 )
CYPS1A-4995 361  TCGGAACTCAGGGAAACGACTTCATCCTGAACGGCAAGATCCGCGACGTTTGCGCCGAGG 420 1146 bp. Based on sequence analysis,
CYPS1A-499G 361  uesunennneennneennnessaneennneennnesnnneennneennnaennnaens a2 two variants of CYP51A are present in the
CYPS1A-4995 421  AAATCTACACCGTTCTCACGACGCCCGTTTTCGGCAAGGATGTGGTTTACGACTGCCCGA 480 X

CYPSIA-899G 821 4 vesennennsnennnnennenennsnnenesesnensnnenesneneenennennnss 480 population.

CYPS1A-4995 481  ACTCTAAGCTCATGGAGCAGAAGAAGGTTGGTTGCCCGTGTGCGGTGTTGAAGGGGAGGG 540

CYPSIA-899G  4B1  u'euneennnnsnnnnennnnssnnnssnnssnssossnnessnsessnssosnneens 540

CYPS1A-4995 541  GGAAAAAAATAATAGCTTGGCTAACCGTGCGGCCGGACAGTTCATGAAGGTTGCGCTCAC 600

CYPSIA-899G  SA1 = oovnvoonnosnnssmoesos s ooe o se e e e enaeeanaaas 600

CYPS1A-4995 601 CACGGATGCCTTCCGGTCGTACGTTCCCATCATCTCGGACGAGGTTACGAGCTATTTCAA 660

CYPSIA-899G  BOL e euneennneesnne e anne e s nne e annsannessnnesnnsesnneeenneees 660

CYPS1A-4995 661  GAGAACCTCGGATTTCAAGGGCCAGTCTGGCATCGTCAACATCTGTCCCAAGATGGCGCA 720

CYPSIA-899G 661 & ueenneemne e e e eeme e e e ee e e e e e ee e amee e e ae e aaeeanaaan 720

CYPS1A-4995 721  GATCACCATCTTCACCGCCTCGCACGCGCTGCAGGGCAAGGAAATCCGCAGCAAGTTTGA 780

CYPSIA-899G 721  evsnennnennnnennnnesnnesnneesnessnneesnneensneeenneees 780

CYPS1A-4995 781  CGAGTCGCTCGCCGACCTGTACCACGATCTGGACATGGGCTTCTCGCCCATCAACTTCAA 840

CYPSIA-899G  7BL  +ueevsmmneeessnnnneeesesnnneeeeannnneeeeennnneeeeennnnneees 840

CYPS51A-4995 841 GCTGCACTGGGCGCCGCTCCCGTGGAACCAGCGCCGCGATCACGCGCAGAGGACCATCGC 900

CYPSIA-899G  BAL  «uesneennnennneeenne e ane e ane e e ne s aneeenneennnaeennaees %00

CYPS1A-4995 901  CAAGATCTACATGGACACCATCAAGTCGCGCCGCGCGCGGGGCGAGACAGACGCGAAGGA 960

CYPSIA-899G  9BL  «uevunennnnennnnennnnesnnnennnneennsssnneesnneesnneeenneees 960

CYPS1A-4995 961  CATCATGTGGCACCTGATGAACTCGGAGTACAAGAACGGCGTCAAGGTCCCCGACCACGA 1020

CYPSIA-899G 961 . uenneenmne e e e e mn e e e e e e e e e a e e s e e e e e n e eenaean 1020

CYPS1A-4995 1021 GATTGCGCACATGATGATTGCGCTCCTGATGGCCGGCCAGCACTCGTCATCGTCGACCAG 1080

CYPSIA-899G 1021 .. euneenneeenne e anne e ann e e e anee e nesannaesnnsesnnaeennaees 1080

CYPS1A-4995 1081 CTCCTGGATCATGCTCCGGCTGGCGTCCCGACCCGACATCATGGAGGAGCTCTACCAGGA 1140

CYPSIA-899G  10BL .. eeneennennneennne e s e e amae e e s e e smae e e nae e nnneeennneen 1140

CYPS1A-4995 1141 GCAGGTCAAGAACCTCGGCGCCGACCTCCCCCCGCTCAAGTACGAGGATCTCGCCAAGCT 1200

CYPSIA-899G 1141  «uussueennnnennnennnesnnnennnneesnessnnessneesnneennneens 1200

CYPS1A-4995 1201 GCCGCTCAACCAGGCCATCGTCAAGGAGACGCTCCGCCTCCACGCCCCGATCCACTCCAT 1260

CYPS1A-499G 1201 ........... R e s s 1260

CYPS51A-4995 1261 CATGCGCGCCGTCAAGCAGCCCATGCCCATCCCCGGTACCAAGTATGTCATCCCCACGAA 1320

CYPSIA-499G 1261 . uesnennneesnneennne e aa e e s e e e s e e smmee e e e snneennnnenn 1320

CYPS1A-4995 1321 CCATGTCCTCCTGGCGGCCCCTGGTGTGTCGGCCTCGGACCCGCAGTACTTCCCCGAGCC 1380

CYPSIA-899G 1321  «uvuneennnnnnnnennnnennnnennnneennnesnneeenneessneeennnees 1380

CYPS1A-4995 1381 GGACCTCTGGGAACCGCACCGATGGGAGAAGGAGTCGCCGCTGGCTCCCAGCATCGTGCG 1440

CYPS1A-899G  13BL . ueuneennennnennneesnneennneenneanneenneennneeenneees 1440

CYPS1A-4995 1441 GAACGAGGCGGCGGAGGAGGACGAGGAGAAGGTCGACTACGGCTACGGCCTGGTCAGCAA 1500

CYPSIA-899G 1481 . uenneenneeenne e e e e e e e e ene e e e ne e e amaee e e eaaaeenneen 1500

CYPS1A-4995 1501 GGGCGCCGGCTCGCCCTACCTCCCCTTCGGCGCCGGCAGGCATCGGTGCATCGGCGAGCA 1560

CYPSIA-899G  15BL e ssnnennneennneennneesnneennnnesnnessnneennsennneeenneees 1560

CYPS1A-4995 1561 GTTTGCCAACGTGCAGCTGCAGACGATCGTGGCCATGACTGTGCGTTTGTTCAAGTTCCG 1620

CYPSIA-499G 1561  uevnnnnnnnnnnnnneeennnnneeennnnnseeeennnnn Coeeeeeaaannn 1620

CYPS1A-4995 1621 CAACGTGGACAGCAGCAACAAAGTCATTGGTACCGATTATGCCTCGCTGTTCTCTCGGCC 1680

CYPS1A-499G 1621 .......... LT 1680

CYPS1A-4995 1681 CCTGGAGCCGGCGAATATCTACTGGGAGCGGAGGGATAAGGAGTAA 1726

CYPSIA-899G 1681 . .uessmnnnnssnnnnnneeennnnneeeennnneeeeennnns 1726

was found (Figure 3B). The 499S genotype was found in 48 different
genotypes and the 499G in 15 different genotypes. Small clusters of
the 499G genotype were noted (Figure 1). In the non-WT popula-

tion, no additional nonsynonymous mutations were noted.

3.3 | The CYP51A variants do not result in altered
susceptibility towards azoles

In our CYP51A model, the enzyme is represented by the ribbons
and the active azole site beside the haem structure is represented
by ball-and-stick (Figure 4). Like the improved Aspergillus fumigatus
CYP51A model, the M. mycetomatis CYP51A structure is accessible
from the left cleft. Hence, based on the homology model of CYP51A,
it was noted that amino acid 499 was not located in the predicted
drug interaction site or binding pocket (the left cleft or the haem
structure, respectively). To confirm that this variation did not influ-
ence the in vitro susceptibility of M. mycetomatis to the two azoles

were tested, the MICs of the isolates with the CYP51A-499S variant
were compared to that of the CYP51A-499G variant for both itra-
conazole and ravuconazole (Figure 4). The median MIC for itracon-
azole of the isolates with the CYP51-499S variant was 0.064mg/L
(0.008 to mg/L), and that of the isolates with the CYP51-499G vari-
ant was 0.032mg/L (0.008-0.5 mg/L). The median MIC for ravu-
conazole was 0.008 mg/L for both the CYP51A-499S variant (range
0.002-0.125mg/L) and the CYP51A-499G (range 0.002-0.125mg/L)
variant. No significant difference in susceptibility between the two
variants of CYP51A for itraconazole or ravuconazole was noted
(p = .82 and 0.87, respectively, [Mann-Whitney]).

4 | DISCUSSION

This study determined ECVs for M. mycetomatis for the commonly
used antifungal agent, itraconazole and the investigational drug ra-
vuconazole. We demonstrated that there are two natural variants of
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FIGURE 3 Mutationsin the M.
mycetomatis wild-type (WT) population:
(A) There are five synonymous mutations

inosis, Therapy and Prophylaxis of Fungal Diseases.
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(A Mutations in the Madurella mycetomatis population
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with one nonsynonymous mutation at w 804
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the CYP51A target gene in wild-type M. mycetomatis with equal sus-
ceptibility patterns for itraconazole and ravuconazole. No additional
mutations were found in isolates with a MIC above the ECV.

By determining the in vitro susceptibility of M. mycetomatis
against itraconazole and ravuconazole using the modified CLSI mi-
crodilution method, we confirmed itraconazole and ravuconazole
inhibit the growth of M. mycetomatis in vitro.'?42% \We also con-
firmed that ravuconazole had a lower MIC90 in M. mycetomatis com-
pared to itraconazole.?* Compared to our previous study, with only
23 isolates analysed, the MIC50 and MIC90 in our study were one
dilution step higher compared to those reported earlier.?*2% This dif-
ference is most likely due to the larger sample size and not due to
the more limited genomic diversity in our study, as the MIC50 and
MIC90 were similar between the clonal isolates and the unique iso-
lates. Using a large dataset, we could propose ECVs for itraconazole

and ravuconazole for M. mycetomatis. To set an ECV, five simple
rules must be followed.?® First, ECVs can only be set for a single spe-
cies. So molecular identification is essential for ECV calculations for
fungi, which are not easily identified by morphological features.**?’
Second, data should only be included from unique clinical isolates.
Repeat isolates from a single episode of infection should be ex-
cluded. Third, MICs must have been determined using a reference
method, preferably based on the CLSI or the EUCAST guidelines.
Fourth, MICs must conform to the standard twofold dilution series
based on powers of 2. Fifth, MICs should be accompanied by MICs
within established ranges for quality control of the isolates obtained
during the testing period. Furthermore, MIC data must preferably be
generated by a minimum of three and preferably five independent
and geographically distinct laboratories to allow for inter-laboratory
variation, and MICs should be available for at least 100 different
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isolates.?® In this study, we were able to use molecularly identified
isolates to ensure that the MICs obtained were indeed from M. my-
cetomatis. However, the MIC data were generated in only a single
centre using isolates mainly from Sudan. This is a limitation of our
study since ECVs should be determined in a multi-centre study to
ensure data are not skewed by a particular lot of reagents or by
one scientist involved in MIC interpretation.?® However, our data
are the best that is currently possible since M. mycetomatis isolates
from different geographical regions are not available, and MICs are
not routinely determined in local laboratories. By proposing these
ECVs, other laboratories may be more inclined to implement in vitro
susceptibility testing in their routine work-flow. This will allow us to
update the currently proposed ECVs.

Despite these limitations, using the largest dataset available, we
were able to propose ECVs for M. mycetomatis for itraconazole and
ravuconazole. The proposed ECV for itraconazole was 1 mg/L for M.
mycetomatis. This ECV is identical to that obtained for other filamen-
tous fungi such as A. fumigatus, Aspergillus flavus and Aspergillus nid-
ulans using the EUCAST method® and one dilution step lower than
the ECV proposed for the sporotrichosis causative agents Sporothrix
schenckii and Sporothrix braziliensis (2 mg/L) using the CLSI method.*®
This indicates that the susceptibility of the filamentous fungus M.
mycetomatis towards itraconazole is comparable to these more com-
mon filamentous fungi. For A. fumigatus, A. flavus and A. nidulans, the
ECV for itraconazole is identical to the established clinical break-
point by the EUCAST. Isolates with a MIC <1 mg/L are considered
susceptible to itraconazole, and isolates with a MIC >1 mg/L are
considered resistant.® This indicates that for some filamentous fungi,
the ECV are predictive for the clinical breakpoints.

The proposed ECVs were independent of the CYP51A variant
present in the M. mycetomatis isolate. This study demonstrated that

two natural variants of the CYP51A enzyme are present in the tested
Sudanese M. mycetomatis isolates. In 65% of the population, a serine
was present at position 499 of the enzyme, in the remaining 35%
of the population, a glycine was found at that position. Since amino
acid 499 is not located near the azole binding pocket of the en-
zyme, no difference in MIC distribution was noted between the two
variants. Natural variance within the CYP51 enzyme is not unique

2930 \with a

for M. mycetomatis. It is also described in A. fumigatus,
clear association of the location of the mutation with the MIC. In
Aspergillus fumigatus, mutations resulting in amino acid changes far
from the interaction site did not result in elevated MICs, while mu-
tations near or within the interaction site did. The elevated MICs for
ravuconazole found in the two isolates with MICs greater than the
ECV were not due to changes in the target enzyme since we did not
find any nonsynonymous mutations in the M. mycetomatis popula-
tion used in this study. However, other resistance mechanisms apart
from the mutations in the CYP51A gene can also give a higher Mic,3t
for instance, in A. fumigatus, azole resistance was linked to mutations
in the promotor region of the CYP51A gene, such as tandem repeats
or transposable elements, resulting in enhanced expression of the
CYP51A gene.32 In addition, upregulation of efflux pumps such as
ATP-binding cassettes (ABC) transporters and major facilitator su-
perfamily (MFS) transporters have been shown to play a role in azole
resistance.3®3* Furthermore, in Aspergillus and Candida species,
other signalling pathways such as 3-hydroxy-3-methyl-glutaryl-co
enzyme A (HMG-CoA) reductase pathway result in elevated MICs
for itraconazole, isavuconazole, posaconazole and voriconazole.*"%7
Since there were no differences in amino acids in the CYP51A genes
of the two M. mycetomatis isolates, which had MICs above the ECV
for ravuconazole, one of the other resistance mechanisms could

have been responsible for these elevated MICs.
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In conclusion, we have demonstrated two different variants of

CYP51A in the M. mycetomatis population, which do not differ in

susceptibility to itraconazole and ravuconazole. Using the 131 inde-

pendent clinical isolates data, we determined ECVs of itraconazole

and ravuconazole for M. mycetomatis. These ECVs can help identify

isolates that are more likely to be resistant to the treatment given

and are a first step towards establishing clinical breakpoints in the

future.
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