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Potential activities that the clinical microbiologist, as a
member of the antifungal stewardship (AFS) team,
may perform

Provide more information regarding microbiological test results

Microbiology

* Optimize diagnostic pathways and implement innovative diagnostic
tool, for example, a combination of biomarkers and use of PCR

e Assist with the interpretation of test results
* Advise on environmental control (concentration of spores in the air)
* Detect outbreaks or unexpected cases

* Advise on therapeutic drug monitoring and give expert advice on
dose optimization

Journal of Antimicrobial Chemotherapy, 2016: 71 (Suppl 2): ii5-ii12




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

Emerging Infectious Diseases Vol. 21, 2015

J. Clin. Microbiol. 2012, 50:1852 Detection of Amphotericn B Reslstance In Candida
TABLE 1 Distribution of amphotericin B MICs for 38 dinical isolates of Candida haemulonii and closely related species as determined by five
methods

Mo of solates for which amphotericin B MIC (ug/ml) was™:
Species (no. of isolates) Test system*® 0.125 INLY 0.25 0.38 0 075 1 1.5 2 1 B i 12 14 iz
. haermalovii (8) Erest-MH 1 1 1 5
Erest-RPG | 2 1 1 1 2
Witek-2 1 2 5
CLsI B 2
EUCAST 7 1
. psewdiohaermiloenii (10) Erest-MH 1 1 g
Erest-RPG | 1 i
Witek-2 2 3 5
2 1 T
2 [ 2
. awrs (20) 1 | 7 5 &
5 B 5 2 2
13 5 2
2 13 5
2 15 3
Tastal (38) Eest-MH 1 | 7 5 ] 1 1 2 | 13
Etest-RPG 5 ] ) 2 3 2 1 1 1 10
Witek-2 13 5 2 3 2 ] 5
CLSI 2 13
ELCAST 2 15

Etest on Mueller-Hinton agar snpplemented with ghecose and methylene blue; Etest-EPC)
microdihution method; ELCAST, Earopean Committes on Antimicrobial Sasceptibility Testing broth
* Each isolate was tested at least twice; the AME MIC results for the final nans of sach isolate are showd
methads emcomipass all ispltes for which MICs were 32 pgimil or more, while isolates with MECs of |

ml or mare.

Table 3. Available susceptibility data for uncommon Candida isolates associated with fungemia among cancer patients, Houston,

Texas, USA*
No. (%) cases, ECV, ug/mL
C. guilliermondii, C. lusitaniae, C. kefyr, C. famafta, C. dubliniensis,

Medication n=24 (41%)1 n =19 (28%)1 n=13 {19%)1 n=0{10%)1 n=1{1%1
Amphotericin B

Not 24 19 13 7 1

Wild type 24 (100); =2 19 (100); =2 NE NE 0; =2

Non—wild type 0; =2 0; =2 NE NE 1(100); =2
Fluconazole

No. 24 19 13 7 1

Wild type 20 (83), =8 16 (B4); =2 12 (92); =1 NE 1(100); =0.5

MNon—wild type 4(17), =8 3 (16); =2 1(8); =1 NE 0, =05
Voriconazole

No. 17 14 12 7 1

Wild type 13 (76); =0.25 13(93), =003 10 (83); =0.015 NE 1 {100); =0.03

Non—wild type 4(24), =0.25 1(7), =003 2017);, =0.015 NE 0;=0.03
ltraconazole

No. 24 19 13 7 1

Wild type 21 (88); =1 19 (100); =0.5 NE NE 1{100); =0.25

Non—wild type 3(12); =1 0; =05 NE NE 0; =0.25
Posaconazole

No. 17 14 12 7 1

Wild type 13 (76); =0.5 12 (86), =0.12 11 (92); =0.25 NE 1 (100}, =0.12

Non—wild type 4(24), =056 2(14), =012 1(8), =025 NE 0;=0.12
Caspofungin

No. 15 14 11 7 1

Wild type 13 (B7); =2 11 (79); =1 2 (18); =0.03 NE 1{100); =012

Non—wild type 2 (13); =2% 3(21); =1 9 (82). =0.03 NE 0;=0.12

*Data were available for 57 of 68 isolates (24428 C. guilliermonai, 07 C. famala). ECYV, epidemiologic cutoff value (17); NE, not evaluable for

susceptibility isolates because there are no defined ECVs for that species.

FHumbers shown are number of isolates evaluable for susceptibility; percentages are percentage of isolates among all isolates.
IResults were the same by using a clinical breakpoint (MIC =1) or ECV.




Centers for Disease Control and Prevention

Morbidity and Mortality Weekly Report
Early Release /Vol. 65 November 4, 2016

Investigation of the First Seven Reported Cases of Candida auris, a Globally
Emerging Invasive, Multidrug-Resistant Fungus — United States,
May 2013-August 2016

TABLE. Characteristics of the first seven cases of Candida auris identified in the United States—May 2013-August 2016

Isolation Site of C. auris
Patient  month/ year State isolation Underlying medical condition(s) Qutcome®
1 May 2013 Mew York Blood Respiratory failure requiring high-dose corticosteroids Died
2 July 2015 Mew Jersey Blood Brain tumor and recent villous adenoma resection Died
3 April 2016 Maryland Blood Hematologic malignancy and bone marrow transplant Died
4 Apnl 2016 Mew York Blood Hematologic malignancy Died
5 May 2016 lliinois Blood Short gut syndrome reguining total parenteral nutrition and high-dose corticosteroid use Survived
[ July 2016 inois Lrine Paraplegia with long-term, indwelling Foley catheter Survived
7 August 2016 Mew York Ear Severe peripheral vascular disease and skull base osteomyelitis Survived
* Mortality was not necessarily attributable to C auris infection.

Sehebene o ol Antimirobial Resistance and Infecfion Conte) [2016) 5:35 Antimicrobial Resist
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Fig. 1 New cases of C auris per month. Total number of monthly new cases of C. gurs are listed from the 1 April 2015 to the end of July 2016
AN




Eur J Clin Microbiol Infect Dis (2015) 34:1289-1301
DO 10.1007/510096-015-2374- 1
REVIEW
& frontiers. e . . R
in Microbiology Unpredictable susceptibility of emerging clinical moulds
to tri-azoles: review of the literature and upcoming challenges
for mould identification
CrogeMark I
n Iraconazole Posaconazole Voriconazole Reference
Aspergillus fumigatus-Related Aspergill felis 3 0o 0051 0254 )
. H L. H Aspergillus fumigatiaffinis 6 0.25-16 0.125-4 28 [43]
Species in Clinical Practice v es 006 0 1251 -
] ; - ) ) A . 2 4-8 0.5-2 4-8 [16]
TABLE 1 | Prevalence of Aspergillus spp. of section Fumigati other than Aspergillus fumigatus in clinical spacimens. ; . _ _ _
Aspergillus fiumisynnemaius 1 0.25 0.125 0.5-1 [16]
Country Aspergillus saction Strains other than Species (N) Aspergillus lentulus 26 0.125-16 0.03-1 0.25-16 [43]
Fumigati N strains A. fumigatus N strains (%) 14 0.25-16 0.125-2 -8 [16]
_ . , , 8 0.5-1 na 1-2 [14]
United States 147 8B [5.4%) A lantulus (4) _ N
A udagawas (3 6 1-2 0.5-1 1-4 [39]
A thermomutatus' 1) 4 0.25-0.5 0.25 1-4 [15
Spain 2 19 [5.2%) A lontulus 9) 3 4 1-2 z [61]
A novofumigatus (6) 1 0.25 0.125 1 [40]
A udagawag (2) Aspergillus novafumigatus 1 16 1 16 [39]
A, viridinutans (2) 1 =8 1 8 [42
Spain 182 B3.7%) A lenfulus (3] Aspergilius viridinutans 3 1 0.5 4 [42]
A virdinutans (1) - 2 816 0.25-05 4 [16)
A thermomufatus' (1) _ .
A fumigatiafis 1) 2 1-8 <0.016-05 1-4 [56]
Partugal pat] 1 (3.4%) A lenfulus (1) ! 4 0.5 4 (39
1 2 0.06 0.25-0.5 [46]
— — Neosartorva fischeri 2 0.5-1 1-2 1 [44]
aleomorph: Neosarforya pseudofischer. 1 0.125 na 025 [4]
Neosartorva hiratsukae 5 0.125-0.5 0.03-0.25 0.25-2 [16]
. T en . 5 0.125-16 0.03-8 0.25-16 [43]
Antifu ngal Susceptlblllty teStlng (AST) 2 0.125-2 0.25 0.03-1 [45
1 1 na 2 [54]
may be userI because Of the Neosartorya pseudofischeri 4 8-16 0.25-0.5 -8 [16]
. Ll . 1 1 na 2 [14]
unpredictable susceptibility profile of L s 05 ) s
. Neosartorva udagawae 8 0.125-0.5 na 0.25-1 [16]
these SpeC|eS 5 0.25-1 0.125-0.25 2-4 [43]
4 1-4 0.25-0.5 1->16 [55]
3 0.25-2 0.125-0.25 0.5-2 [15]
2 1 0.5 1 [39]
Total 142 0.03-16 <0.016-8 0.03-=16




Antifungal drugs
and their targets

Cowen and Steinbach,
Eukaryot. Cell, 2008
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Antifungal drug resistance mechanisms of select fungal pathogens

Polyene

Triazole

Echinocandin

Candida albicans

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

Mutation or overexpression of
target P450,,, (Ergll),
constitutive upregulation of
multidrug transporters, loss of
function of Erg3, Hsp90- and
calcineurin-mediated stress
responses; related species with
reduced intrinsic susceptibilities,
C. krusei and C. glabrata

Mutation of target Fks1,
compensatory synthesis of cell
wall components, PKC cell wall

integrity signaling; related species

with reduced intrinsic
susceptibilities, C. guilliermondii
and C. parapsilosis

Cryptococcus neoformans

Defective sterol delta8-7
isomerase activity

Mutation or overexpression of
target P450,,, (Ergll),
constitutive upregulation of
multidrug transporters

Intrinsic clinical resistance

Aspergillus fumigatus

Related species with reduced
intrinsic susceptibility, A.
terreus

Mutation or overexpression of
target P450,,, (Cyp51),
constitutive upregulation of
multidrug transporters,
reduced drug penetration

Mutation of target Fks1,
compensatory synthesis of cell
wall components, calcineurin-
mediated stress responses

Cowen and Steinbach ,Eukaryot. Cell, 2008
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C. albicans triazole resistance mechanisms. (A) Mutation or
upregulation of the target of the triazoles, cytochrome P450, ,,,, (also
known as lanosterol 14a-demethylase; encoded by ERG11 in C.
albicans), confers resistance to triazoles by minimizing the impact of
the drug on the target. (B) Constitutive upregulation of members of
the ABC transporter family of multidrug efflux pumps confers
resistance to multiple triazoles, and upregulation of a major facilitator
transporter confers resistance to fluconazole by minimizing the impact
of the drug on the cell. (C) Loss-of-function mutation of Erg3 confers
triazole resistance by blocking the accumulation of the toxic sterol
intermediate that would otherwise accumulate when cytochrome
P450,,p, is inhibited by the triazoles. (D) The molecular chaperone
Hsp90 stabilizes calcineurin, thereby enabling calcineurin-dependent
stress responses that are required for triazole tolerance of wild-type
strains and resistance of many mutants, including those with loss of
function of Erg3. Multiple downstream effectors of calcineurin
mediate cellular responses to azoles, including the transcription factor
Crzl.
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(1,3)-p-glucan
Y (1,6)--glucan
mannan

cell wall integrity signaling
& upregulation of cell wall
components (e.g. chitin)

C. albicans echinocandin resistance mechanisms. (A) Mutation of
(1,3)-B-d-glucan synthase, the target of the echinocandins encoded by
FKS1, confers resistance to echinocandins by minimizing the impact of
the drug on the cell. (B) Rho1l is a positive regulator of glucan synthase,
and it contributes to tolerance of the echinocandins by mediating
stress responses, including activation of the PKC cell wall integrity
pathway and upregulation of synthesis of other cell wall components,
such as chitin.

Cowen and Steinbach, Eukaryot. Cell, 2008



TABLE 2 Azole resistance mechanisms as they relate to MIC in serial

1solates of C. albicans from an HIV-infected patient with recurrent
oropharyngeal candidiasis®

C. albicans MIC (pg/ml)

isolate(s) FLC ITR Molecular change(s)

1 0.25 0.06 None (WT)

3 B 0.0& Increase in MDRT mENA

12-15 1632 0.12-0.25 Mutation in ERG 11 gene, loss of

heterozygosity in ERG 11,
increase in ERGI] mRNA

16,17 64128 48 > (lhcreasein COR mRNA

“ Data compiled from references 79, 95, 9%, and 97. FLC, fluconazole; ITR, itraconazole;
WT, wild type.

(One of the first demonstrations of the relationship between the
fluconazole MIC for C. albicans and fluconazole resistance mech-
anisms is found in the work of W hltE and cul]mgues (95-97), who
investiga A E Ll s e T )_isogenic
of 17 mquenm] |5+::lates of C. albicans 1'['{!1'11 a single HIV-
cted patient with relapsmg OPC tre 1t+:d mth increasing doses of
fluconazole = ey ICCessive iso-

Pfaller and Diekema. Progress in Antifungal Susceptibility Testing of Candida spp. By Use of Clinical and
Laboratory Standards Institute Broth Microdilution Methods, 2010 to 2012. J. Clin. Microbiol. 2012;50:2846.



TABLE 3 Impact of resistance mechanisms on the in vitro susceptibility
of C. albicans to voriconazole and posaconazole”

Resistance mechanismis) MIC {pg/ml)
Strain CDR* ERG 11° VEC PSC
D5SY 204 Basal WT/WT 0007 0.03
DSY 296 Increase Gded 5/ G4ad S5 2 0.25
DSY3083 Rasal CGa645/GA645D 0.12 C0.030
DSY 3604 Basal GA4adSIWT 0.0& 0.03

DSY 3606 <Increase WT/WT__> <012 0.25>
# Data compiled from reference 41. VRC, voriconarole; PSC, posaconazole; WT, wild

type.
¥ Data represent the level of expression of CORIJCDR2 efflux pumps.

 Data represent wild type or a mutation (G4648) in either or both of two ERG 11
alleles.

As with fluconazole, the re]atlon ship between the voriconazole
and posaconazole MICs for d arole remstance mech-
emonstrated using an isogenic serie
one or more resistance mechanisms (41). MacCallam et al.
[41) employed sequential genetic manipulations of a single strain
of C. albicans to demonstrate the impact of the level of expression
CDR efflux pumps and the presence or absence of mutations in
level of resistance to voriconazole and pos
[Table 3). An increase Nmrtreexpresstomr ol TR genes coupled

Pfaller and Diekema. Progress in Antifungal Susceptibility Testing of Candida spp. By Use of Clinical and
Laboratory Standards Institute Broth Microdilution Methods, 2010 to 2012. J. Clin. Microbiol. 2012;50:2846.



Azole resistance mechanisms in C. glabrata (1)

The vast majority of azole-resistant isolates upregulate ATP-binding cassette
(ABC) transporter genes, among which CgCDR1 and CgCDR2 play a major role.
This upregulation is mediated by a transcriptional activator, CgPDR1, that belongs
to the family of zinc finger transcription factors with Zn,,Cys ¢, domains.

Azole resistance mechanisms excluding efflux-mediated mechanisms are very
uncommon. There is a single report documenting that the azole target (ERG11)
was rendered non-functional by an ERG11 mutation in a clinical isolate (Hull et al.
2012).

This is in sharp contrast with the high incidence of this type of resistance
mechanism in C. albicans (Sanglard and Odds 2002), however with the difference
that mutations are affecting azole affinity in C. albicans.



Azole resistance mechanisms in C. glabrata (2)

Mutations in CgPDR1, so-called gain-of-function (GOF) mutations, are
responsible for the high expression of ABC transporters in azole-resistant
isolates.

CgPDR1 interacts with the Mediator complex, thus creating a link between the
activator and the transcriptional machinery in C. glabrata (Thakur et al. 2008).
CgPDR1 regulates other C. glabrata genes through its direct binding to the target
genes via PDRE.

Thus, GOF mutations in CgPDR1 have not only an effect on ABC transporter
genes, but they also affect several other target genes involved in other cellular
processes.




C. glabrata tissue burdens in a murine systemic infection
model

CFUs/g organ
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Ferrari et al., PLoS Pathog. 2009



Virulence of C. glabrata is dependent on CgPDR1 GOF
mutations

|
*—0 é @ DSY562

75 J; B DSY565

-y DSY565 pdriA

O DSY562 pdriA

<>- DSY565 pdriA-PDR1
@
|

J

O B D

{J DSY562 pdriA-PDR1
® DSY562 pdriA-L280F
25- P = 0.042-0.024 3¢ DSY565 pdriA-L280F

a ®

Percent survival
3]
et

0 L] 1 )
0 5 10 15

Time (days)

Ferrari et al., PLoS Pathog. 2009



A

Gain-of-Function Mutations in PDRI, a Regulator of Antifungal Drug
Resistance in Candida glabrata, Control Adherence to Host Cells

Luis Vale-Silva,* Frangoise Ischer,® Salomé Leibundgut-Landmann,” Dominique Sanglard®

May 2013 Vodume 81

Numiber 5

GOF mutations in CgPDR1 did not influence survival and replication
within macrophages following phagocytosis but led to decreased
adherence to and uptake by macrophages. This may allow evasion from
the host’s innate cellular immune response.

The interaction with epithelial cells revealed an opposite trend,
suggesting that GOF mutations in CgPDR1 may favor epithelial
colonization of the host by C. glabrata through increased adherence to
epithelial cell layers.

These data reveal that GOF mutations in CgPDR1 modulate the
interaction with host cells in ways that may contribute to increased

virulence.
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Upregulation of the Adhesin Gene EPAT
Mediated by PDR1 in Candida glabrata
Leads to Enhanced Host Colonization

Luis A. Vale-Silva,>* Beat Moeckli,> Riccardo Torelli,® Brunella Posteraro,<
Maurizio Sanguinetti,* <“ Dominique Sanglard?>

Institute of Microbiology, University of Lausanne and University Hospital Center, Lausanne, Switzerland?;
Institute of Microbiology, Universita Cattolica del Sacro Cuore, Rome, Italy®; Institute of Public Health (Section
of Hygiene), Universita Cattolica del Sacro Cuore, Rome, Italy<

DSY562-derived strains

RESEARCH ARTICLE
Host-Microbe Biology

@ CrossMark
Edickfor

Received 7 December 2015 Accepted 27

January 2016 Published 2 March 2016

* %k
ns ]
. ]

108
w105
g ST —

4] 4

E 10
o 103 ==
8 02 -5
S 102
&

==y ¢ R « ¢

0 /\ %Q A %Q A
A \,q'% A & AV X N QP‘ w >

CFUs/g bladder

DSY2235-derived strains

ns
| N ]
106 1
105;
10
10%;
1024
-é-t-imit--of--detect'ran-‘---- e
1001 —ee. e .
\lﬁ Q,Q %QQ
N W R
oF & K

Influence of PDR1 hyperactivity and EPA1 on the colonization of the bladder (and kidney) by

C. glabrata in the murine urinary tract infection (UTI) model



PDR1
(Azole-resistant isolates)

Epithelial | Adhesion
barriers
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Cell membrane

1 Mediator

1complex

Within a fungal cell, an antifungal drug might
bind to the XBD domain of the transcription
factors Pdrlp, which associate with the
promoter sequence for drug-efflux genes such
as CgCDR1/CDR2

This would allow the binding of the Galllp
subunit of the Mediator complex through its KIX
domain to the drug—Pdr1/Pdr3p—DNA complex

The Mediator complex would then facilitate
recruitment of RNA polymerase Il (Pol Il) and

Increased transcription of CgCDR1/CDR2 genes
that encode ABC drug-efflux pumps

At the cell membrane, these pumps allow the
efflux of the antifungal drug, thus diminishing
the fungal cell's susceptibility to the toxic
compound

Thakur et al., Nature 2008



LETTER

doi:10.1038/nature16963

Inhibiting fungal multidrug resistance by disrupting
an activator-Mediator interaction

Joy L. Nishikawa'-2, Andras Boeszoermenyi®, Luis A. Vale-Silva4, Riccardo Torelli®, Brunella Posteraro®,
Yoo-Jin Sohn!?, Fei Ji”*8, Vladimir Gelev®, Dominique Sanglard*, Maurizio Sanguinetti®, Ruslan I. Sadreyev’1°,
Goutam Mukherjee''?, Jayaram Bhyravabhotla'»'>!3, Sara J. Buhrlage®!4, Nathanael S. Gray>'4, Gerhard Wagner?,

Anders M. Niir? & Haribabu Arthanari®

25 FEBRUARY 2016 | VOL 530 | NATURE | 485
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iKIX1 inhibits ketoconazole (KET)-induced
transcriptional upregulation of CgPdr1 targets
CgCDR1 and CgCDR2 in a C. glabrata PDR1 wild-
type strain (SFY114) in a dose-dependent manner.
** p<0.005
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iKIX1 inhibits xenobiotic-induced CgPdrl
transcription in CgPdr1l GOF mutants
(amino-acid changes indicated). All
samples shown were induced with
ketoconazole. * p<0.05 and ** p <0.01 as
compared to DMSO + ketoconazole
control
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Joy L. Nishikawa'?, Andras Boeszoermenyi®, Luis A. Vale-Silva®, Riccardo Torelli®, Brunella Posteraro®,

Yoo-Jin Sohn"?, Fei Ji”$, Vladimir Gelev’, Dominique Sanglard*, Maurizio Sanguinetti®, Ruslan I. Sadreyev’'°,
Goutam Mukherjee'™2, Jayaram Bhyravabhotla!1>13, Sara J. Buhrlage®!4, Nathanael S. Gray>'4, Gerhard Wagner?,
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iKIX1 combination treatment with 25 mg/kg fluconazole (low FLU) reduces fungal tissue burden in the
kidney (i) or spleen (ii) of mice injected with CgPDR1 wild-type (SFY114); iKIX1 in combination with 100
mg/kg fluconazole (high FLU) reduces fungal tissue burden in the kidney (i) or spleen (ii) of mice injected
with CgPDR1L280F (SFY115). N=5 mice for each treatment condition; * P<0.05, ** P < 0.005 and *** P <
0.0001 as compared to no treatment.



Toxic compounds
(e.g. ketoconazole)

Toxic compounds
(e.g. ketoconazole)

N (e.g. PDR5 famiIY)

Model of iKIX1 function as a co-therapeutic in combination with an azole, blocking the azole-
induced recruitment of Gall11/Med15-Mediator to Pdrl target genes upon azole treatment and
preventing the upregulation of Pdrl target genes, including those which encode drug efflux pumps.
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Heteroresistance to Fluconazole Is a Continuously Distributed
Phenotype among Candida glabrata Clinical Strains Associated with
In Vivo Persistence

Ronen Ben-Ami,2® Offer Zimmerman,® Talya Finn,2 Sharon Amit,® Anna Novikov,® Noa Wertheimer,® Mor Lurie-Weinberger,©
Judith Berman®

Heteroresistance refers to variability in the response to a drug within a clonal cell
population. This phenomenon may have crucial importance for the way we look at
antimicrobial resistance, as heteroresistant strains are not detected by standard laboratory
susceptibility testing and may be associated with failure of antimicrobial therapy.

The authors describe for the first time heteroresistance to fluconazole in C. glabrata, a
finding that may explain the propensity of this pathogen to acquire resistance following
exposure to fluconazole and to persist despite treatment. They found that

* heteroresistance is not a binary all-or-none trait but a continuously distributed
phenotype associated with increased expression of genes that encode energy-dependent
drug efflux transporters

* heteroresistance is associated with failure of fluconazole to clear infection with C.
glabrata.

Together, these findings provide an empirical framework for determining and quantifying
heteroresistance in C. glabrata.



Echinocandins: a drug resistance mechanism of clinical
Importance

 Resistance to triazole drugs does not confer cross-resistance to
echinocandin drugs.

* Drug efflux transporters do not contribute significantly to
resistant phenotypes.

* Echinocandin resistance is always acquired during therapy and
is associated with high MICs and amino acid substitutions in
glucan synthase subunits Fks1p or Fks2p, which significantly
reduce the sensitivity of the enzyme to the drug.




Candida glabrata and antifungal drug resistance

* C. glabrata has also developed resistance to the
echinocandins at a faster rate than any other
Candida species. Depending on the study and
geographical location, between 3 and 12% of C.
glabrata isolates now demonstrate resistance to one
or more echinocandin.

e Alarmingly, multidrug resistant (MDR) C. glabrata,
which exhibit resistance to two or more classes of
antifungal drugs, are commonly encountered leaving
virtually no options for treatment.



Candida glabrata and antifungal
drug resistance

Data from the clinic indicating rapid development
of antifungal drug resistance following initiation of
therapy support the notion that exposure of C.
glabrata to an azole may create fungal cells with
highly variable, “evolvable” genomes capable of
quick breakthrough of resistance to any other
types of drug, such as echinocandins (Shor and
Perlin, PloS Pathog. 2015).

A model for the formation of MDR strains of C.
glabrata is shown in the Figure. This model
highlights that in the case of long-term
prophylaxis with azoles in C. glabrata, this process
results in formation of azole-resistant mutants
with reduced genome stability. These mutants,
when challenged with echinocandin class drugs,
rapidly develop echinocandin resistance as well,
resulting in formation of MDR C. glabrata (Shor
and Perlin, PloS Pathog. 2015).
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Candida glabrata and antifungal
drug resistance

The acquisition of resistance frequently
observed with C. glabrata has historically been
ascribed to its haploid genome. It was
hypothesized that a defect in DNA repair may
account for accelerated emergence of various
genetic changes responsible for drug resistance.

Healey et al. (Nat Commun. 2016) demonstrate
that a mutator phenotype caused by a mismatch
repair defect is prevalent in C. glabrata clinical
isolates. Strains carrying alterations in mismatch
repair gene MSH2 exhibit a higher propensity to
breakthrough antifungal treatment in vitro and
in mouse models of colonization, and are
recovered at a high rate (55% of all C. glabrata
recovered) from patients.

This genetic mechanism promotes the
acquisition of resistance to multiple antifungals,
at least partially explaining the elevated rates of
triazole and multi-drug resistance associated
with C. glabrata.
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Azole Resistance in Aspergillus fumigatus: Can We Retain
the Clinical Use of Mold-Active Antifungal Azoles?

Patient-Acquired Resistance

Envircnmental Resistance

Chronic pulmonary aspengillosis
with canvitary lesion or
aspergilloma

Previouws or ongoing azole therapy in
all patients

Clinical failures to azole therapy

Multiple resistance mutations may
e present in a single clinical
sarmphe

Both arole-susceptible and azole-
resistant phenotypes
simultaneosush present in cultune

Multiazole and panazole resistance
phenotypes

Point mutations in the Cyp51A gene,
including substitutions at G54,
P216, F219, M220, G138, Y431,
and G448 non-CypslA-mediated
resistance mechanisms: HapE
unknown resistance mechanisms

High genetic dwersity betwesen
arole-resistant isolates from
unrelated patients

Aspamilus fumigatus colonies may
show an abnormmal colony
monphology, lack of sporulation or
reduced grovwth rate

All Aspergius diseases, including
allergic bronchopulrmonary
aspengillosis, acute invasve
aspengillosis, chronic colonization in
cystic fibrosis

Two-thirds of patients have no history
of arole therapy

Clinical failures to azole therapy

Only 1 azoke resistance mechanism
present in most patients

Both arole-susceptible and azole-
resistant phenotypes
simultaneously present in cultune

Multiazole and panazole resistance
phenoty pes

hMutations in the Cyod 1.4 gene in
combination with a trans criptional
enhancer (tandem repeat) in the
promoter region of the gene: TRz,
L98H, THss, and TR.xM121F/
T2894%

Loww genetic diversity between azole-
resistant isclates from unelated
patients

Mo apparent fitness cost

" Recently the presence of 2 pont mutations was reporied in the emaronment: G54 and

MZERD 15, 18].

TR 58H TR 121F/T2804
Year of Publication Year of Publication
Country First Case Type of lsolate [Reference] Country First Case Type of Isolate [Referencel
Netherlands 1988 C+E 2008 [13] United States 2008 c 2015 [25]
Itaby 1998 C+E 2015 23] Nethedands 2009 C+E 2013 [24]
Turkey 2000 C 2015 [26] Belgium 02 C+E 20122, 20
Spain 2003 C 201312, 28] Gemany 202 C+E 201512, 18]
Australia 2004 c 2015 [24] India 2012 E 2014 1301
Iran 2005 C+E 201302, 301 France 2013 C+E 2015 [37]
Belgium 2006 C+E 201212, 27] Tanzania 2013 E 2014 1321
Denmark 2007 C+E 2010/2011 12, 33 Denmark 2014 C 20151331
China 2008-2009 c 2011 [30, 341 Spain 2014 C 2015 [28]
India 2008 C+E 2012112, 301 Colomibia 2015 E 2015 [35]
United Kingdom 2008-2011 C+E 200912, 36]
France 2010 C+E 2012121
United States 2010 C 2015251
Gemany 202 C+E 201212, 18]
Taiwan 2011 c 2016 [37]
Kuwait 2013 C+E 2015 [30, 381
Poland 2006-2014 c 2015 [38]
Colomibia 2056 E 2015138]
€, diinical; E, envi

* Due to space restriction, we weranat able to include all individual publications. We have cted revisws, which induded reports from individual countries over the years.




Howard and Arendrup, Med
Mycol 2011

Amino acid

Genotype  substitutions Typical phenotype

References

Hot spot mutations commenly found in azole resistant isolales*

G54 E. K. R ¥, Itraconazole and posaconazole
W resistant, voriconazole
susceptible
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wvariable

Murations found less frequently in resistant isolates®
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G138 C.R Pan-arole resistant

Q141 H Pan-azole resistant

H14T7 b Pan-arole resistant

P26 L Itraconazole and posaconazole

resistant, vorconazole
susceptible

M236 K.T.VY Itraconazole resistant

5207 T Itraconazole and posaconazole
resistant, voriconazole
susceptible

P304 L Itraconazole resistant, other
arole susceptibilities not
reported

Y431 C Pan-arole resistant

G434 C Pan-azole resistant
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resistant, vorconazole
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A New Aspergillus fumigatus Resistance Mechanism Conferring
In Vitro Cross-Resistance to Azole Antifungals Involves
a Combination of cyp5/A4 Alterations’

E. Mellado,'* G. Garcia-Effron,' L. Alcazar-Fuoli,' W. J. G. Melchers,? P. E. Verweij,”
M. Cuenca-Estrella," and J. L. Rodriguez-Tudela’
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Diagram of the A. fumigatus cyp51A gene and promoter showing the locations of the gene
modifications. (A) Wild-type strain CM237; (B) azole-resistant strain CM2627



Mortality Rates in Patients with Invasive Aspergillosis as

Reported in Different time Periods

Aspargilus Disease

Era 14 Comiment CHS 1A Comment
c-AmB e 65% [2] 122 of 187 patients receiving c-AmB died 95%=100% B] Litermture review
71.6% [56] 187 of 261 patients with |A died. 99% [56] Review of 141 cases of CNS A in
immunocompromised patients, of whom 140
died.
Amle e 275% [57]  Sewk mortality: 39 of 142 patients recening vonconazole 45.6% [7] Hetrospective aralysis of B1 patients with CNS |4
mionotherapy. treated wath voniconazle
285% [58] Population-bazed study anakzing 8563 aspergillosis 3H5.4% [54] Literature review: 4 of 11 patients with CHS 1A
cases in France. who received voriconazole monotherapy.
Amle resistant  100% [44] Culturepositive patients with proven and probable IPA 86% [24, 44, 60] 7 cases of azlesesistant CNS |A have been
treated with vonconazole (5/5) reported, of which 6 were fatal,

B8% [45]

100% [54]

8 HSCT patients with culture-positive, arole-resistant LA,
of whom 7 died.

ICL patients with culture-positive azole-resiztant |A died
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susceptible |4,
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Emerging aspergillosis by azole-resistant Aspergillus

fumigatus at an intensive care unit in the Netherlands,
2010 to 2013

Jvan Paassen !, A Russcher2, AW in ‘t Veld - van Wingerden *, PE Verweij 2, E] Kuijper 2
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In-host adaptation and acquired triazole resistance in
Aspergillus fumigatus: a dilemma for clinical management

PaulE Verweij*, Jianhua Zhang*, Alfons | M Debets, Jacques F Meis, Frank L van de Veerdonk, Sijmen E Schoustra, Bas | Zwaant, Willem | G Melcherst

The authors explore the adaptation strategies
of A. fumigatus in relation to azole resistance
selection and the clinical implications thereof

for management of diseases caused by
Aspergillus spp.

The authors hypothesize that the current
diagnostic tools and treatment strategies do
not take into account the biology of the
fungus and might result in an increased
likelihood of fungal persistence in patients.

The process of reproduction—i.e., sexual,
parasexual, or asexual—is probably crucial
for the adaptive potential of Aspergillus spp.
As any change in the environment can
provoke adaptation, switching between
triazoles in patients with chronic pulmonary
aspergillosis might result in a high-level pan-
triazole-resistant phenotype through the
accumulation of resistance mutations.

Alternatively, when triazole therapy is stopped,
an azole-free environment is created that
could prompt selection for compensatory
mutations that overcome any fitness costs that
are expected to accompany resistance
development. As a consequence, starting,
switching, and stopping azole therapy has the
risk of selecting for highly resistant strains with
wildtype fitness.
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Figure 4: Two scenarios both leading to unfavourable clinical outcomes in patients with persistent
Aspergillus fumigatus infections




Fungus characteristics Environmental conditions Presumed benefit Likelihiood in human host

HAseual Mycelium and asexual Abundanthy present in nature; presence  Ability to produce prolific numbers of asscual spores  Might occur in 2 lung cavity; chronic cavitary
spores of air crygen, and light for dispersal and increased mutationsupplyona  pulmonary aspergillosis, aspergilloma, or
wide range of substrates under a broad set of sinus disease

emvironmental conditions
Seual Requires opposite mating  Only reported under [aboratory Long-term survival strateqgy, heat resistance; Unlikely due to required conditions
types (MAT1-1and MAT1-2) conditions; oatmeal agar; 30°C; darkness;  generation of genetic variation for adaptation
occurs after 4 weeks or langer

Parasesnual Mycelium containing Unkniown; expected to occurin long- Genetic recombination and complementation Might occur in conditions with long-lasting
{heterckaryon) different compatible lasting mycelium biofilms harbouring various A fumigatus
genotypes genotypes: aspergilloma or sinusitis and

chronic colonisation (cystic fibrosis)

Table: Reproduction processes in Asperqillus fumigatus and their characteristics and probahility of occurring in the human host

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




Extracellular matrix of C. albicans biofilm: primordial role in

antifungal tolerance

In C. albicans, extracellular matrix production is
one of the processes that have been implicated
in the tolerance of biofilms to antifungals.

Recent results have emphasized an important
role of the extracellular matrix in the tolerance
of C. albicans biofilms to antifungals. Compelling
data now indicate that matrix beta-1,3-glucans
sequester azole and polyene antifungals,
therefore preventing their access to biofilm cells
and the elicitation of cellular responses.

Biofilms effectively release more beta-1,3-
glucans in the biofilm matrix than planktonic
cells do in the extracellular medium. The
glucanosyltransferases Bgl2p and Phrlp and the
exoglucanase Xoglp are indeed required for
efficient production of soluble beta-1,3-glucans
downstream of Fks1p.

It is notable that echinocandins that target beta-
1,3-glucan synthase retain efficacy towards C.
albicans biofilm. Whether this is due to their
impact on matrix production and/or their
physical properties that prevent their
sequestration by matrix components remains to
be investigated.
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Current Opinion in Microbiology

Soluble beta-1,3-glucans are produced through the Fkslp
glucan synthase and contribute to sequestration of
antifungals in the matrix of C. albicans biofilms (Bonhomme
and d’Enfert, Curr Opin Microbiol. 2013 ).
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FIG 3 Effect of C. albicans FK51 modulation and Zymolyase treatment on 5. aureus (SA) susceptibility to vancomycin. (A) Preformed 5. aureus single- and

. : mixed-species biofilms with the various C. albicans strains were treated for 48 h with vancomycin (800 pg/ml). Based on CFU recovery, a significant increase in

It IS WO rth n0t| ng 8. aureus survival was seen when grown in mixed biofilms with the TDH3-FKS1 glucan-overexpressing strain compared to its parent strain 5C5314, whereas a
significant decrease in survival was noted when 5. aureus was grown with the glucan-deficient heterozygous FEKS1/fks] mutant strain compared to its parental

th at by strain BWP17 (**¥, P < 0.0001). (B) 5. aureus single (SA) and mixed (CA/SA) biofilms were allowed to form for 24 h in the presence of Zymolyase (5 U/ml) or
a-mannosidase (2 U/ml) and then treated with vancomycin (800 pg/ml) for 24 h. Based on CFU recovery, although growth with C. albicans in mixed biofilms

. h . b t th provided S. aureus with a significant increase in survival with vancomycin, the increase in tolerance was diminished upon treatment with Zymolyase but not with
INNIDI |ng e ee-mannosidase (¥, P < 0.05% ***, P < 0.0001; ns, not significant). Means and standard errors of the means are shown.
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FIG 9 Fluorescence microscopy of S. aureus coated with purified and secreted soluble C. albicans biofilm matrix material. S. aureus planktonic cultures were
grown for 24 h in the presence of 0.1 mg/ml of purified matrix or in C. albicans spent culture medium. Following washing, cells were treated with «-mannan-,
B-1,3-glucan-, and B-1,6-glucan-specific antibodies (Abs) (30 min); stained with a secondary antibody (30 min); and then examined by CSLM. Images revealed
the presence of all three matrix components around the bacterial cells when grown with purified matrix material. No fluorescence was detected in control cells
from biofilm grown without matrix. Control cells grown in the absence of matrix did not fluoresce but could be visualized by Syto9 staining. Cells were also grown
in C. albicans spent culture medium (no matrix supplementation) in order to assess whether secreted matrix components also coat bacterial cells. Similar to what
was seen with the purified matrix, cells fluoresced when labeled with the antibodies. Control cells grown in fresh medium did not fluoresce but could be seen by
Syto9 staining.
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Commensal Protection of Staphylococcus aureus against
Antimicrobials by Candida albicans Biofilm Matrix

Kong EF, Tsui C, Kucharikova S, Andes D, Van
Dijck P, Jabra-Rizk MA. 2016. mBio 7:e01365-16.

Fungal-Bacterial Biofilms and Drug Resistance
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FIG 10 Schematic representation of the proposed “barrier model™ as a mechanism for the enhanced S. aureus tolerance to vancomycin in mixed biofilm.
Based on the combined findings from this study, we propose that the mechanism for the enhanced S. aureus tolerance to vancomycin involves impediment
of diffusion of antimicrobials through the mixed biofilm matrix consisting of C. albicans hyphae and secreted cell wall polysaccharides; a-mannan,
B-1,3-glucan, and B-1,6-glucan secreted by C. albicans into the mixed biofilm environment adhere to the S. aureus cell surface, coating the outer layer.
Concurrently, as the biofilm matures, in addition to providing structure and support to the biofilm, the secreted matrix polysaccharides impede the
diffusion of antimicrobials into the biofilm interior. Effectively, the polysaccharide matrix acts as a barrier, sequestering vancomycin at the periphery and
preventing it from reaching its target.



CONCLUSIONS

Invasive fungal infections kill nearly 1.4 million people a year—a number
comparable to deaths from tuberculosis. Factors that contribute to this
disease burden and high mortality include, inevitably, insufficient
diagnostics and treatment.

Appropriate antifungal use may contribute to abate the incidence of
antifungal drug resistance, which results from inherently less sensitive
species and/or acquisition of drug class—specific resistance mechanisms.
The study of regulatory networks taking place in fungal pathogens can
help to target specific fungal pathways as a whole, rather than to target
more specific effectors of virulence or drug resistance.

In addition, the strategies that a fungal pathogen uses during infection
to increase its genetic diversity and its adaptation to the human
microenvironment need to be investigated.

Future research in these fields might allow to develop better diagnostic
and treatment approaches and will ultimately help us to improve our
management strategies of patients with invasive fungal infections.



