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Common antifungal drugs: Modes of action
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Targets are generically represented by blue stars and drugs by a brown shape

From: Ksiezopolska E, Gabaldén T. Genes (Basel). 2018 Sep 19;9(9).




Estimated annual case load of fungal infections in Italy

Infection Number of infections per underlying disorder per year Rate/100K Total burden
None HIV/AIDS Respiratory Cancer ICU HSCT

Superficial fungal infections

Tinea pedis 16,606,000 27,222 16,606,000

Tinea capitis 610,000 1003° 610,000

Onychomycosis 7,929,000 12,990 7,929,000

Total superficial 25,145,000 41,221 25,145,000

Invasive fungal infections

Recurrent vaginal candidiasis 1,580,241 2590° 1,580,241
(4x/year +)

Oral candidiasis = 1763 1,066,031 1750 1,067,794

Oesophageal candidiasis 1413 2.3 1413

Candidemia 13,351 2480 20 21.8 13,351

Candida peritonitis 2225 413 3.6 2225

Cryptococcal meningitis 30 21 0.08 51

Chronic pulmonary aspergillosis — =

Chronic fungal rhinosinusitis 1,141,000
Mucormycosis

Histoplasmosis — —
Fungal keratitis 575 —

Total invasive fungal infections 2,737,392 3603
Total fungal burden estimated 27,882,392
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Abbreviations: ABPA, allergic bronchopulmonary aspergillosis; SAFS, severe asthma with fungal sensitization.

@ Rate in woman population.
b Rate in children population.

From: Bassetti et al. J Infect. 2018;76:103-106.




Epidemiology of antifungal resistance

Three broad pathways via which patients can acquire resistant fungal infections
White crosses indicate susceptible organisms; red crosses indicate resistant organisms. Pills indicate antifungals, used
either in human health or agriculture.

Environmental and iatrogenic pressures selecting for resistant fungal
infections in humans

- Anti-fungals in the environment
select for resistant fungi

Anti-fungals in a patient select for
infection with resistant fungi
Fungi become resistant within
one patient during therapy

* Antifungal resistance, whether intrinsic (primary) or acquired (secondary), can result in worse clinical
outcomes or clinical failure.

* Pressure exerted by the use of antifungals may select for infection with intrinsically resistant strains, or
strains may acquire resistance during prolonged therapy.

* Furthermore, environmental organisms with intrinsic or acquired resistance may infect antifungal naive
patients.

From: Beardsley J, Halliday CL, Chen SC, Sorrell TC. Future Microbiol. 2018;13:1175-1191.




Epidemiology of antifungal resistance

=QOut of the 30 different species of Candida able to infect humans, C.
albicans, C. glabrata, C. parapsilosis, and C. tropicalis, generally in
this order, account for up to 80% of candidiasis cases. Infections
with C. albicans are still the most common, but epidemiology is
shifting towards non-albicans Candida, with the specific relative
incidences being time- and space-dependent.

“When highlighted on a phylogenetic tree, Candida opportunistic
pathogens belong to distinct lineages, which are interspersed with
non-pathogenic relatives. As a consequence, different Candida may
use different mechanisms for evasion of the host immune system
and exhibit different virulence-related phenotypes.

Pappas PG, Lionakis MS, Arendrup MC, Ostrosky-Zeichner L, Kullberg BJ. Nat Rev Dis Primers. 2018;4:18026.



Epidemiology of antifungal resistance

Epidemiological studies reveal differential susceptibility patterns among Candida. For instance,
C. glabrata and C. krusei have a naturally low susceptibility to azoles, while C. parapsilosis
strains tend to have a lower susceptibility to echinocandins.

Among the species more tolerant to echinocandins, besides C. parapsilosis, we can find C.
orthopsilosis, C. metapsilosis, C. guilliermondii, C. lipolytica, and C. fermentati. Finally, C.
lusitaniae, C. guilliermondii, C. glabrata, and C. krusei have a generally lower susceptibility to

polyenes.
Fluconazole Echinocandins Amphotericin B Fluconazole Echinocandins Amphotericin B
Candida albicans S S S C. lambica X
C. auris X X X C. lipolytica X X
C. cifferrii X C. lusitaniae X
C. dubliniensis S S S E, metapsilosis g X
C. duobushaemulonii X X X o i
. C. orthopsilosis X
C. fermentati X 2
C dabiata I S S 0 pahmolef?pht']n X
. . C. parapsilosis S 1 S
C. guilliermor '_‘?” X X C. pseudohaemulonii X X X
C. haemulonii X X X C. rugosa X
C. humicola X C. tropicalis g S S
C. inconspicua X C. valida X
C. krusei R S S S. cerevisiae X

In the absence of a EUCAST established breakpoint, X indicates species with elevated minimum inhibitory concentrations (MICs) compared with
Candida albicans. The four most common Candida are indicated in bold.

From: Arendrup, MC. Clin Microbiol Infect 2014; 27:484-92.
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Antifungal Susceptibility Profiles of Bloodstream Yeast Isolates by
Sensititre YeastOne over Nine Years at a Large Italian Teaching
Hospital

Brunella Posteraro,® Teresa Spanu,” Barbara Fiori,® Flavio De Maio,® Elena De Carolis,® Alessia Giaquinto,® Valentina Prete,”
Giulia De Angelis,® Riccardo Torelli,” Tiziana D’'Inzeo,” Antonietta Vella,® Alessio De Luca,® Mario Tumbarello,® Walter Ricciardi,?
Maurizio Sanguinetti®

Institutes of Public Health (Section of Hygiene),” Microbiology,” and Infectious Diseases” and Hospital Pharmacy,” Universita Cattolica del Sacro Cuore, Rome, Italy

July 2015 Volume 59 Number 7

= QOver 97% of Candida isolates were susceptible (WT phenotype) to
amphotericin B and flucytosine.

= Rates of susceptibility (WT phenotype) to fluconazole, itraconazole,
and voriconazole were 98.7% in C. albicans, 92.3% in the C.
parapsilosis complex, 96.1% in C. tropicalis, 92.5% in C. glabrata,
100% in C. guilliermondii, and 100% (excluding fluconazole) in C.
Kruseil.

= The fluconazole-resistant isolates consisted of 6 C. parapsilosis
complex isolates, 3 C. glabrata isolates, 2 C. albicans isolates, 2 C.
tropicalis isolates, and 1 Candida lusitaniae isolate.
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Antifungal Susceptibility Profiles of Bloodstream Yeast Isolates by
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July 2015 Volume 59 Number 7

= Qverall, 99.7% to 99.8% of Candida isolates were susceptible (WT
phenotype) to echinocandins, but 3 isolates were nonsusceptible
(either intermediate or resistant) to caspofungin (C. albicans, C.
guilliermondii, and C. krusei), anidulafungin (C. albicans and C.
guilliermondii), and micafungin (C. albicans).

= Of the non-Candida isolates, 2 C. neoformans isolates had the non-
WT phenotype for susceptibility to fluconazole, whereas Rhodotorula
Isolates had elevated azole MICs. When the intrinsically resistant
non-Candida isolates were included, the rate of echinocandin
nonsusceptibility reached 1.8%.
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Five-Year National Surveillance of Invasive Candidiasis:
Species Distribution and Azole Susceptibility from the China
Hospital Invasive Fungal Surveillance Net (CHIF-NET) Study

Meng Xiao,*® Zi-Yong Sun,© Mei Kang,? Da-Wen Guo,® Kang Liao,f Sharon C.-A. Chen,? Fanrong Kong,9 Xin Fan,b"
Jing-Wei Cheng,®® Xin Hou,>® Meng-Lan Zhou,>® Ying Li,»P Shu-Ying Yu,2® Jing-Jing Huang,>* He Wang,>® Ying-Chun Xu,>*
on behalf of the China Hospital Invasive Fungal Surveillance Net (CHIF-NET) Study Group

July 2018 Volume 56 Issue 7 e00577-18

Trends of fluconazole (A) and
voriconazole (B) susceptibility and
resistance rates of Candida species
determined through the CHIF-NET
study (2010 to 2014).

A. Fluconazole
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Candida glabrata can acquire resistance to azoles and echinocandins
as single drug classes, as well as multidrug resistance involving all
major drug classes

30—
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Parallel rise in azole and echinocandin resistance in C. glabrata bloodstream isolates over a 10-year period, showing
emergence of multidrug-resistant strains

From: David S Perlin, Riina Rautemaa-Richardson, Ana Alastruey-lzquierdo. Lancet Infect Dis 2017;17:€383-92.




Emerging species that are resistant to all antifungal
classes: the case of Candida auris

Up to 96% of C. auris may exhibit
resistance to fluconazole, an
exceptionally high value compared to
0.5-2% for C. albicans, 4-9% for C.
tropicalis, 2—6% for C. parapsilosis, and
11-13% for C. glabrata.

Unlike C. auris, transmission of C.
glabrata between patients has been
rarely reported, suggesting independent
development of antifungal resistance
within most patients.

An intrinsic multidrug resistant Candida auris has been recently reported
as an emerging cause of healthcare-associated infections worldwide in
at least a dozen countries on four continents during 2009-2015.
Infections caused by this species can have high mortality rates ranging
from 30-60%. Very often, strains of this emerging species are resistant
to the three major drug classes: polyenes, azoles, and echinocandins.

Chowdhary A, Sharma C, Meis JF. PLoS Pathog. 2017;13:€1006290.
Lockhart SR, Etienne KA, Vallabhaneni S, et al. Clin Infect Dis. 2017;64:134-140.

Chowdhary A, Voss A, Meis JF. Multidrug-resistant Candida auris: 'new kid on the block' in hospital-associated infections?J Hosp Infect. 2016;94:209-212.



Overview of the major
resistance mechanisms
in Candida species

(A) Shows normal binding of azoles

(red) to lanosterol 14a-demethylase e O
(Ergl1); and normal binding of Echinocandins
echinocandins (peach) to p-(1,3)-D-
glucan synthase (Fks, including the
three functional subunits Fks1, Fks2
and Fks3, and the regulatory subunit
Rhol). (B) Shows reduced azole
binding due to conformational
changes in lanosterol 140-
demethylase. (C) Shows reduced
azole efficacy due to increased
production of lanosterol 14a-
demethylase (+/- conformational
changes). (D) Reduced azole efficacy
secondary to bypassing metabolic
toxicities. (E & F) Show reduced
azole efficacy due to increased efflux

Candida spp.

©

Uptake of
exogenous
sterol

pump activity. (G) lllustrates reduced
azole efficacy due to uptake of
replacement sterols. (H) Shows
conformational changes to either
Fks1 or Fks2 subunit of 3-(1,3)-D-
glucan synthase leading to reduced
echinocandin binding.

Bypass toxic
azole-induced
metabolic pathways

Beardsley J, Halliday CL, Chen SC, Sorrell TC. Future Microbiol. 2018;13:1175-1191.



Mechanisms of resistance in C. glabrata

*The overwhelming singular mechanism of azole resistance identified
in clinical isolates of C. glabrata is mutation of the transcription factor
PDR1, which leads to increased expression of multidrug transporters
that act as efflux pumps.

=Unlike azoles, multidrug transporters do not appear to play a role in
echinocandin resistance, as echinocandins are not substrates for
transport. As such, echinocandins are fully active against azole-
resistant Candida.

=Alarmingly, compared to other Candida species, C. glabrata has a
greater potential to develop echinocandin resistance. Nearly one-
third of echinocandin-resistant isolates are also resistant to azoles.

Tsai HF, Krol AA, Sarti KE, Bennett JE. Antimicrob Agents Chemother. 2006;50:1384-1392.

Perlin DS. Future Microbiol. 2011;6:441-457.



Mechanisms of resistance in C. glabrata

=Candida glabrata has emerged as a leading cause of azole,
echinocandin, and multidrug (MDR: azole + echinocandin, and
sometime polyene) adaptive resistance.

=Neither mechanism of resistance is intrinsic to C. glabrata, since
stable genetic resistance depends on mutation of drug target genes,
FKS1 and FKS2 (echinocandin resistance), and a transcription
factor, PDR1, which controls expression of major drug transporters,
such as CDRL1 (azole resistance).

=However, another hallmark of C. glabrata is the ability to withstand
drug pressure both in vitro and in vivo prior to stable “genetic
escape”.

David S Perlin, Riina Rautemaa-Richardson, Ana Alastruey-lzquierdo. Lancet Infect Dis 2017;17:€383-92.



Drug Adaptation
Is a Key
Intermediate
Leading to
Echinocandin
Resistance

While the vast majority of
cells die upon echinocandin
exposure, roughly one in
104> of cells survive and
demonstrate “drug
adaptation” over a wide
range of drug exposures.
Similarly in an in vivo
infection, echinocandin
tolerance is manifested as a
decline in target organ fungal
burdens (e.g., from 10° to
104 cells), but not true
sterilization, as fungal stasis
Is achieved (i.e., no net
change cell counts).

Cell stress  Cell killing Adaptation

Cell killing

108
107
108
10°
10¢

103

Cells Remaining (CFU/mL)

102

101

100 1 1 1 1 1 1 1 1 1 1 1 1
0 0.016 0.03 0.06 0.12 0.25 05 1 2 4 8§ 16

Caspofungin pg/mL

Phases of in vitro cell killing and adaptation with echinocandins

and Candida glabrata

Cells (1 x 107) of C. glabrata ATCC 2001 were grown in medium

containing caspofungin at the indicated concentrations for 20 h.

Healey KR, Perlin DS. J Fungi (Basel). 2018;4(3).



Drug Adaptation
Is a Key
Intermediate
Leading to
Echinocandin
Resistance

Cells that survive
echinocandin action (without
forming FKS mutations) are
defined as drug tolerant (or
adapted), as they are fully
sensitive to drug when re-
cultured. They may display
higher MIC values but
respond to drug in
pharmacodynamic models.
Ultimately, such adapted
cells can persist long enough
to give rise to FKS mutants,
which escape drug action
and result in clinical failure.
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Evolution of echinocandin resistance

Cellular factors that influence the ability of yeast to adapt to
echinocandin drug pressure are represented in a multistep model of
resistance. Steps include initial cellular stress, drug adaptation, and
genetic escape (FKS mutation). The clinical breakpoint (CBP) of a
species is the MIC measured prior to the formation of FKS escape
mutants.

Healey KR, Perlin DS. J Fungi (Basel). 2018;4(3).



Drug Adaptation Is a Key Intermediate
Leading to Echinocandin Resistance

*Poor drug penetration into sites of colonization or infection may
help C. glabrata in echinocandin adaptation. The echinocandins
are intravenously administered drugs that appear to distribute
weakly in the gastrointestinal tract.

=Some echinocandins, like micafungin, penetrate intraabdominal
abscesses of murine models at considerably lower concentrations
than what is measured in the blood.

*Following echinocandin treatment, fungal clearance may be
observed in the bloodstream. However, cells located at sites of
colonization or deep tissue infection are exposed to lower levels of
drug, resulting in a potential reservoir of FKS mediated resistance.

Healey KR, Nagasasaki Y, et al. Antimicrob agents Chemopther. 2017;61:€01412-17.

Zhao Y, Prideaux B, et al. Antimicrob agents Chemopther 2017;61:e01009-17.



Point mutations in hotspots of FKS1 and FKS2 genes
connected with echinocandin resistance in Candida species
and Saccharomyces cerevisiae

o - FKS1 FKS2
rganism
Start HOT SPOT 1 Start HOTSPOT2 Start HOTSPOT1 Start HOT SPOT 2
Comiida 61 FLTISL 137  DVIRRYIL
albicans
C. dubliniensis 641 FLTLSLRDP 1357 DWIRRYTL
C. glabrata 625 FLI! S inaccurate D' VRRYTL 659  F*LI SL 1374 DWIR*™LYTL
C kefyr inaccurate  F*LTLSLRDP  inaccurate DWVRRYTL
C. krusei 655 FLILSIRDP 1364 DWIRRYTL
C. lusitaniar inaccurate  FLTLSIRDP  inaccurate  DWIRRYTL
C. tropicalis inaccurate  FLTLSLRDP  inaccurate  DWIRRYTL
C. parapsilosis X 652 FLTLSLRDA 1369 DWIRRYTL
C.metapsilosis X inaccurate  FLTLSIRDA  inaccurate  DWIRRYTL
C.orthopsilesis =~ X inaccurate FLTLSLRDA  inaccurate DWVRRYTL
C. guitiermondii X 632 FMALSLRDP 1347 DWIRRYTL
C lipoltica X 662 FLILSLRDP 1387 DWIRRCVL
S. cerevisae 639 FLVLSLRDP 1353 DWVRRYTL 658  FLILSLRDP 1372 DWVRRYTL

Columns indicate, in this order: organism, with the four major pathogens indicated in bold; if applicable, intrinsically lower
susceptibility (X); and for FKS1 and FKS2 hotspots, respectively, the starting amino acid position and the sequences of
interest.

One letter codes are used for the amino acid sequence, with colors pointing to sites that are mutated. Mutations are
marked: red as strong, orange as weak, green as silently acquired or naturally occurring, blue as naturally intrinsic proven
or possibly related to the intrinsic lower susceptibility, and violet as naturally occurring of unknown impact. Further, *
indicates the codon involving a mutation or deletion and ** codon involving a mutation or a stop codon. In S. cerevisiae,
FKS2 (and FKS3) are important during sporulation and mating.

From: Ksiezopolska E, Gabaldén T. Genes (Basel). 2018 Sep 19;9(9).




Evolution of echinocandin resistance:
MDR, PDR1 and Adhesins

*In C. glabrata, MDR phenotypes involve separate resistance
mechanisms for each drug class (modification of drug target site
for echinocandins versus expression of drug efflux transporters for
azoles). Despite the apparent lack of mechanistic overlap, a
nexus may exist. The presence of a PDR1 mutation appears to
Increase the ability of C. glabrata to adapt to other stressors,
including echinocandin exposure.

=Specific PDR1 mutations in C. glabrata not only confer azole
resistance, but can also enhance adhesion to epithelial cells
through increased expression of the epithelial adhesin gene
EPALl. PDR1-mediated increased expression of EPAL increased
organ colonization in a mouse UTI model and virulence in a model
of hematogenous disseminated candidiasis.

Vale-Silva LA, Moeckli B, Torelli R, Posteraro B, Sanguinetti M, Sanglard D. mSphere. 2016;1:e00065-15.

Ferrari S, Sanguinetti M, Torelli R, Posteraro B, Sanglard D. PLoS ONE. 2011;6:e17589.
Ferrari S, Ischer F, Calabrese D, Posteraro B, Sanguinetti M, et al. PLoS Pathog. 2009; e1000268.



Evolution of echinocandin resistance:
Exploiting Genetic Diversity

=Clinical isolates of C. glabrata show astounding genetic diversity
(in terms of nucleotide sequence and chromosome structure),
which would help the yeast survive as a commensal and transition
Into a pathogen.

=C. glabrata can seemingly duplicate and reorganize chromosomes
at high frequencies generating changes in size and variation of
chromosomes. As a result, gene duplications in C. glabrata include
that of cell wall proteins, such as mannosyltransferases, aspartyl
proteases, phospholipases, the ABC transporter PDH1, etc.

=Additionally, EPA adhesin genes important for mucosal
colonization have also been heavily duplicated within C. glabrata
genomes.

Polakova S, et al. Proc. Natl. Acad.Sci. USA. 2009;106:2688-2693.

Muller H, et al. Fungal Genet. Biol. 2009;46:264-276.



Evolution of echinocandin resistance:
Exploiting Genetic Diversity

*The mismatch repair (MMR) is one of mechanisms that regulate
mutagenesis in fungi. Defects or programmed changes in these
mechanisms are often associated with increased mutation rates.
Active MMR in C. glabrata suppresses emergence of drug-
resistant mutants, whereas naturally occurring variants in the C.
glabrata MMR gene MSH2 may promote development of
resistance in some clades.

*Importantly, different MSH2 genotypes are characteristic of
distinct STs/clades, suggesting that different STs may have
different propensity toward mutability and acquiring drug resistant
gene variants. Specific MSH2 alleles seem to diversify
populations to better survive in vivo, and upon prolonged
antifungal exposure, may help in drug target mutation.

Healey KR, et al. Nat Commun. 2016;7:11128.

Byun SA, et al. Front. Microbiol. 2018;9:1523.
Hou X, et al. Antimicrob. Agents Chempther. 2018;62:e00153-18,



AMERICAN |mB- g RESEARCH ARTICLE
SOCIETY FOR
A= o @

Heteroresistance to Fluconazole Is a Continuously Distributed
Phenotype among Candida glabrata Clinical Strains Associated with
In Vivo Persistence

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.

Ben-Ami R, et al. MBio. 2016;7:€00655-16.




Candida auris: an Emerging Fungal
Pathogen

Epidemiology
=C. auris was first isolated in 2009 from the external ear canal of a patient
in Japan, with ribosomal DNA (rDNA) sequencing and biochemical
analyses indicating identification of a novel Candida species. The first
three cases of C. auris bloodstream infection were also reported in South
Korea in 2011. Ensuing reports of C. auris infections have come from
multiple countries around the world, including India, South Africa, Kuwait,
Malaysia, the United Kingdom, Pakistan, Kenya, Norway, Germany,
Oman, Spain, Israel, Venezuela, Columbia, Panama, Brazil, the United
States, and Canada.

=The U.S. Centers for Disease Control and Prevention (CDC) continues to
map new case reports and transmission globally. As of September 2017, a
total of 127 confirmed and 27 probable cases from 10 states have been
reported to the CDC. New York and New Jersey have identified the
majority of the confirmed cases, reporting 86 and 26, respectively.

Spivak ES, Hanson KE. J Clin Microbiol. 2018;56(2).



Candida auris: an Emerging Fungal
Pathogen

Epidemiology
“Whole-genome sequencing (WGS) analysis shows that C. auris isolates
can be grouped into geographic-specific clusters, with unique South Asian
(India and Pakistan), South African, South American (Venezuela), and East
Asian (Japan) clades identified.

=Each of the 4 geographically distinct clades was separated by tens of
thousands of single-nucleotide polymorphisms (SNPs), while the isolates
that grouped within each geospatial clade appeared to be clonal.
Additionally, three of the four existing lineages have been detected in the
United Kingdom.

=Different clonal lineages are now distributed over large geographic
distances, supporting the idea of multiple independent introductions of C.
auris into the United States and United Kingdom, with subsequent local
spread.

Vallabaneni S, et al. Am J Transpant. 2017;17:296-299.

Borman AM, et al. Med Mycol. 2017;55:563-567.



Candida auris: Virulence Factors

=C. auris does not appear to form germ tubes, pseudohyphae, or
chlamydospores in vitro but may produce phospholipase and proteinase
In a strain-dependent manner. Intriguingly, some C. auris isolates grow in
clumps (i.e., budding occurs but daughter cells are not released), which
results in large aggregates of organisms that cannot be easily disrupted
in vitro.

*In the Galleria mellonella insect model, the most virulent nonaggregative
forms exhibited pathogenicity on par with C. albicans, despite the fact
they did not form hyphal or pseudohyphal elements in G. mellonella
larvae.

*In a murine model of hematogenously disseminated candidiasis, C. auris
cell aggregates were also observed in the kidneys of infected animals
compared to the invasive hyphal forms of C. albicans. Additionally,

inoculation with C. auris was associated with longer median survival than
with C. albicans.

Chatterjee S, et al. BMC Genomics, 2015;16:686,
Borman AM, et al. mSphere. 2016;1:e00189-16.

Ben-Ami R, et al. Emerg Infect Dis. 2017;23:195-203.



Antifungal Drug Resistance in C. auris

One of the reasons the emergence of C. auris has been so alarming is the potential for these
organisms to harbour or develop multidrug resistance. In fact, some isolates have
demonstrated elevated MICs to all available drug classes, indicating that treatment options for
pan-resistant isolates would be extremely challenging if not impossible.

Phenotypic Susceptibility

TABLE 2 Condida guris antifungal MIC ranges determined by the CLSI broth microdilution
reference method

Tentatives resistance MIC range (ug/mh)*

Drug breakpoints MIC MIC., MIC,,
Fluconazole =32 01210 =64 =64 =64
Vonconazole NA 0032w 16 0Sto2 2to 8
Itraconazole NA 0032t 2 0.06 to 05 0.25t0 )
Posaconazole NA 00150 16 0016w 05 0125t02
Isavuconazole NA 0015104 0.125t0 025 0Sto2
Anidulafungin =4 0015w 16 0.125t0 05 0S5to)
Caspofungin =2 003t 186 025t0 1 1to2
Micafungin =4 0015w 8 0.125t0 025 025t0 2
Amphotericin =2 006t08 05to 1 2to 4

“Tentative breakpoints proposed by the CDC (hitps2/www.cdcgovifungal/diseases/candidiasis/
recommendations.htmil. NA, the COC has racommended using fluconazole 2s 2 surrogate.

From: Spivak ES, Hanson KE. J Clin Microbiol. 2018;56(2).




Antifungal Drug Resistance in C. auris

Molecular Resistance Determinants
In 2017, two studies were performed to elucidate the molecular
mechanisms involved in antifungal resistance in C. auris.

»In one study, Lockhart et al. evaluated ERG11 sequences in a global
collection of 54 C. auris isolates and determined that substitutions linked
to fluconazole resistance in C. albicans were also present in C. auris.
These mutations were strongly associated with geographic clades (i.e.,
F126T in South Africa, Y132F in Venezuela, and Y132F or K143R in
India/Pakistan).

»In the other study, Ben-Ami et al. also observed increased ABC-type
transporter activity in C. auris compared to that in C. glabrata and C.
haemulonii, which suggests that efflux pumps may additionally be
involved in antifungal drug resistance.

Lockhart SR, et al. Clin Infect Dis 2017;64:134-140.

Ben-Ami R, et al. Emerg Infect Dis. 2017;23:195-203.
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Pan-azole-resistant Candida tropicalis carrying homozygous erg11
mutations at position K143R: a new emerging superbug?

Candida isolates (n = 75) collected between 2012 and 2014 at the
University Hospital of Federal University of Juiz de Fora (Brazil) were
studied. The three most frequent species were C. albicans (38.0%), C.
tropicalis (30.0%) and C. glabrata (17.0%).

Azole resistance was observed in 27.0% of all Candida isolates, while
20.0% of all isolates were echinocandin resistant.

A novel mutation in ergl1l at location K143R was found to be associated
with phenotypically pan-azole-resistant C. tropicalis isolates. This
mutation maps near the active binding site of ergll and is likely to
confer pan-azole resistance to C. tropicalis. Moreover, an up-regulation
of ABC transporters was observed, which can add up to a pan-azole-
resistant phenotype.
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CoERG11 A395T mutation confers azole resistance in
Candida orthopsilosis clinical isolates

Cosmeri Rizzato't, Noemi Poma’t, Marina Zoppo?, Brunella Posteraro®, Enrica Mello*, Daria Bottai?,
Antonella Lupetti®, Maurizio Sanguinetti* and Arianna Tavanti®*

Objectives

This study evaluated the contribution of a single amino acid substitution in the azole target CoErg11 to the
development of azole resistance in C. orthopsilosis.

Methods

C. orthopsilosis clinical isolates (n = 40) were tested for their susceptibility to azoles and their COERG11
genes were sequenced. We used a SAT1 flipper-driven transformation to integrate a mutated CoERG11
allele in the genetic background of a fluconazole-susceptible isolate.

Results

Susceptibility testing revealed that 16 of 40 C. orthopsilosis clinical isolates were resistant to fluconazole
and to at least one other azole. We identified an A395T mutation in the CoERG11 coding sequence of
azole-resistant isolates only that resulted in the non-synonymous amino acid substitution Y132F. The
SAT1 flipper cassette strategy led to the creation of C. orthopsilosis mutants that carried the A395T
mutation in one or both CoERG11 alleles (heterozygous or homozygous mutant, respectively) in an azole-
susceptible genetic background. We tested mutant strains for azole susceptibility and for hot-spot locus
heterozygosity. Both the heterozygous and the homozygous mutant strains exhibited an azole-resistant
phenotype.

Conclusions

To the best of our knowledge, these findings provide the first evidence that the CoErgll Y132F
substitution confers multi-azole resistance in C. orthopsilosis.




Candida Species Biofilms’ Antifungal
Resistance

Cama‘_t de Bmﬁl‘?‘ Forming Biofilm Characteristics
Species Capacity
Candida Basal blastospore layer with a dense overlying of
albicans R matrix composed of exopolysaccharides and hyphae. Genes
Candid Chains of cells with thin extracellular expression
d:::litz iZnsic ++/+++ matrix material. oy alteration
r S
Hhigh variability among clinical isolates. -
Candida Forms considerably less biofilm than C. albicans.
glabrata /A TR R High cell
High in both protein and carbohydrate content. density
Candida T Thick multilayered biofilm of pseudohyphal forms E;fl't‘;'r’,"ts
krusei embedded within the polymer matrix. inerease

Clumped blastospores and less volume.

Candida

parapsilosis +++ Large amounts of carbohydrate with less protein.
High variability among clinical isolates.
Candida Chains of cells wx%h thin, b.ut large, amounts of
R - extracellular matrix material
tropicalis

Low amounts of carbohydrate and protein.

+++ Normal to high; ++++ High; +++++ Very high biofilm formers.

Fungal biofilms may also serve as a reservoir for infection and promote the development of high fungal
burden, which in turn may lead to resistance.

Important fungal biofilm resistance mechanisms include: Extracellular matrix; Efflux pump activity;
Overexpression of drug targets; Metabolic heterogeneity intrinsic to biofilms, and Stress responses.

Silva S, et al. J. Fungi 2017;3:8




In Vitro Evolution Studies

The use of in vitro

A P T o as W e s WIS W evolution approaches,
om0 — coupled with whole
sjs  peieeselen .. - atetatetes genome sequencing,
; gy should be extended in
| ' future studies.
Understanding the
e R molecular and evolutionary
o mermecite s mechanisms responsible
for the development of
B Vitulence drug resistance in common
o ) 1 and emerging yeast
T BE: T pathogens will contribute to
Analysis T ¥ | ! ‘ the development of novel
l population genomics ' compensatory mutatians | ] target-specific drugs or
) resistance-blocking
whole genome sequencing g

genomic changes | karyotypes supplements.

Shown is an example of an in vitro experimental evolution and a follow-up analysis.

From: Ksiezopolska E, Gabaldén T. Genes (Basel). 2018;9(9).
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Inhibiting fungal multidrug resistance by disrupting
an activator-Mediator interaction

Joy L. Nishikawa'-2, 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''?, Jayaram Bhyravabhotla'?'3, Sara J. Buhrlage®'4, Nathanael S. Gray®!4, Gerhard Wagner?,
Anders M. Niérh? & Haribabu Arthanari®
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(e.g. ketoconazole)

Toxic compounds

(e.g. ketoconazole) 7
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. Drug Efflux Genes
(e.g. PDRS family)

A -

Here we perform sequential
biochemical and in vivo high-
throughput screens to identify small-
molecule inhibitors of the interaction
of the C. glabrata Pdrl activation
domain with the C. glabrata GalllA
KIX domain.

The lead compound (iKIX1) inhibits
Pdrl-dependent gene activation and
re-sensitizes drug-resistant C.
glabrata to azole antifungals in vitro
and in animal models for
disseminated and urinary tract C.
glabrata infection.

Model of iKIX1 function as a co-therapeutic in combination with an azole, blocking the azole-induced
recruitment of Galll/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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Synergistic interactions of sulfamethoxazole and azole antifungal = JOUGNALOF .
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drugs against emerging multidrug-resistant Candida auris
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Sulfamethoxazole (SMX) showed potent synergy with fluconazole against Candida auris.
Combination with newer azole drugs enhanced and broadened the spectrum of activity.
The mechanism of synergy was mediated by interference with the fungal folate pathway.
Mechanisms of azole resistance significantly impacted the synergistic relationship.

Indeed, mutant strains which demonstrated azole resistance by either overproduction of/or
decreased affinity for the azole target (ERG11p) were found highly susceptible to the
sulfamethoxazole-azole combination. However, this synergistic interaction was ineffective
against mutant strains which demonstrated azole resistance via hyperactivity of efflux pumps.
In conclusion, sulfamethoxazole represents a promising co-drug that can restore the efficacy of
certain azole antifungal drugs against some azole-resistant isolates of Candida auris.




CONCLUSIONS (1)

*The incidence of fungal infections is increasing, but the availability
of new agents to treat them is not.

=As for azoles, intrinsic resistance patterns vary by species. The
likelihood of a particular species causing disease in a given patient
Is affected by geographic location and patient characteristics.
Intrinsic reduced susceptibility to echinocandins is uncommon and
of uncertain significance in Candida spp. other than Candida auris.

=Multidrug resistance in Candida species is an emerging concern.



CONCLUSIONS (ll)

=Antifungal resistance frequently leads to poorer outcomes and
breakthrough infections during antifungal treatment and
prophylaxis. These negative consequences can often be traced to
acquisition of particular resistance mechanism.

=Although results of antifungal susceptibility testing do not correlate
precisely with treatment response in vivo, they can be used to
guide treatment choices.

*Molecular methods, including next generation sequencing, are
useful for describing resistance mechanisms at the epidemiological
level, and as diagnostic tests in the routine laboratory.



Future Research Priorities In Fungal
Resistance

Diagnostics Therapeutics Education and Prevention
PCR-based detection of resistance (acquired and Functional genomics for the discovery of novel drug tar Antifungal stewardship
intrinsic} gets and compounds
Real-time qPCR to detect “mixed" infection Combination therapy with existing compounds Role of fungicides in antifungal resistance
High-resolution melt analysis Pharmacokinetic studies with novel compounds Mycotoxin studies
DNA microarray Pharmacodynamic studies with novel compounds Global surveillanca incidenca in clinical
isolates
Electron-donization mass spectrometry Role of therapautic drug monitoring Global survaillanca incidenca in environmen-
tal isolates
MALDI-TOF Duration of therapy for invasive mycoses Global surveillance mechanisms
T2 magnetic resonance Antifungal lock therapy Role of antifungal chemoprophylaxis in clini-
cal practice
Metagenomic shotgun sequencing Synergy/antagenism studies with novel and existing Prowvider education on antifungal usage
compounds
Combination approaches with biomarkars Immunomodulation and immunopharmacology for aug- Vaccine davelopment
menting host response

Abbreviations: MALDI-TOF, matrix-assisted laser desorption tonization time of flight; PCR, polymerase chain reaction; gPCR, quantitative PCR.

A multifaceted approach—diagnostics, therapeutics, prevention and education—
to curb the spread of resistant fungi will require sustained future investment.

From: McCarthy MW, Denning DW, and Walsh TJ, J Infect Dis. 2017;216:5S484-492




