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

may perform

Microbiology • Provide more information regarding microbiological test results

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

• 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  
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Antifungal susceptibility 
testing (AST) may be useful 
because of the 
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Antifungal drugs 
and their targets

Cowen and Steinbach, 
Eukaryot. Cell, 2008



Antifungal drug resistance mechanisms of select fungal pathogens

Antifungal drug class Description

Candida albicans Cryptococcus neoformans Aspergillus fumigatus

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

Defective sterol delta8-7 
isomerase activity

Related species with reduced 
intrinsic susceptibility, A. 
terreus

Triazole Mutation or overexpression of 
target P450DM (Erg11), 
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 or overexpression of 
target P450DM (Erg11), 
constitutive upregulation of 
multidrug transporters

Mutation or overexpression of 
target P450DM (Cyp51), 
constitutive upregulation of 
multidrug transporters, 
reduced drug penetration

Echinocandin 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

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

Cowen and Steinbach ,Eukaryot. Cell, 2008



C. albicans triazole resistance mechanisms. (A) Mutation or 
upregulation of the target of the triazoles, cytochrome P45014DM (also 
known as lanosterol 14α-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 
P45014DM 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 
Crz1.

C. albicans echinocandin resistance mechanisms. (A) Mutation of 
(1,3)-β-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) Rho1 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



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.
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• 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(2)Cys(6) 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 (1)



• 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.

Azole resistance mechanisms in C. glabrata (2)



C. glabrata tissue burdens in a murine systemic infection 
model 

Ferrari et al., PLoS Pathog. 2009



Virulence of C. glabrata is dependent on CgPDR1 GOF 
mutations

Ferrari et al., PLoS Pathog. 2009



• 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.



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



EPA1

Working model

Virulence



Thakur et al., Nature 2008

1. Within a fungal cell, an antifungal drug might 

bind to the XBD domain of the transcription 

factors Pdr1p, which associate with the 

promoter sequence for drug-efflux genes such 

as CgCDR1/CDR2

2. This would allow the binding of the Gal11p 

subunit of the Mediator complex through its KIX 

domain to the drug–Pdr1/Pdr3p–DNA complex

3. The Mediator complex would then facilitate 

recruitment of RNA polymerase II (Pol II) and

4. Increased transcription of CgCDR1/CDR2 genes 

that encode ABC drug-efflux pumps

5. At the cell membrane, these pumps allow the 

efflux of the antifungal drug, thus diminishing 

the fungal cell's susceptibility to the toxic 

compound

CgCDR1/CDR2



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

iKIX1 inhibits xenobiotic-induced CgPdr1 
transcription in CgPdr1 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



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.



Model of iKIX1 function as a co-therapeutic in combination with an azole, blocking the azole-
induced recruitment of Gal11/Med15-Mediator to Pdr1 target genes upon azole treatment and 
preventing the upregulation of Pdr1 target genes, including those which encode drug efflux pumps. 



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.



• 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.

Echinocandins: a drug resistance mechanism of clinical 
importance



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. 

• 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).



• 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.

Candida glabrata and antifungal 
drug resistance

Colonization with msh2Δ leads to increased echinocandin-
resistance in vivo

Mutation or disruption of MSH2 leads to increases in 
resistance-conferring mutations



Routes of resistance development and the underlying molecular mechanisms reported in clinical or environmental A. fumigatus isolates 



Howard and Arendrup, Med
Mycol 2011

Mutations detected in the cyp51 gene  of azole-
resistant Aspergillus fumigatus isolates



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 

A

B



Mortality Rates in Patients with Invasive Aspergillosis as 
Reported in Different time Periods



To determine the prevalence of IA by 
azole-resistant A. fumigatus at the ICU 
among patients receiving antifungal 
treatment and to follow their clinical 
outcome and prognosis.
Of 9,121 admitted ICU-patients, 136 had 
received antifungal treatment for 
suspected IA, of which 38 had a positive 
A. fumigatus culture.
Ten of the 38 patients harbored at least 
one azole-resistant isolate. Resistance 
mechanisms consisted of alterations in 
the cyp51A gene, more specific 
TR34/L98H and TR46/T289A/Y121F.
Microsatellite typing did not show clonal 
relatedness, though isolates from two 
patients were genetically related.



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.



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 Phr1p and the 
exoglucanase Xog1p 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.

Soluble beta-1,3-glucans are produced through the Fks1p 
glucan synthase and contribute to sequestration of 
antifungals in the matrix of C. albicans biofilms (Bonhomme 
and d’Enfert, Curr Opin Microbiol. 2013 ).



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

It is worth noting 
that by

inhibiting the 
production of 

the fungal 
polysaccharides, 

a specific 
antifungal agent 

indirectly 
sensitized the 

bacteria to 
antimicrobials.



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



• 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.

CONCLUSIONS


