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The effects of pyrvinium pamoate alone and in combination with azoles [itraconazole
(ITC), posaconazole (POS), and voriconazole (VRC)] were evaluated against Aspergillus
fumigatus both in vitro and in vivo. A total of 18 clinical strains of A. fumigatus
were studied, including azole-resistant isolates harboring the combination of punctual
mutation and a tandem repeat sequence in the Cyp51A gene (AFR1 with TR34/L.98H
and AFR2 with TR46/Y121F/T289A). The in vitro results revealed that pyrvinium
individually exhibited minimal inhibitory concentration (MIC) of 2 wg/ml against AFR1
but was ineffective against other tested strains (MIC > 32 pg/ml). Nevertheless,
the synergistic effects of pyrvinium with ITC, VRC, or POS were observed in 15
[83.3%, fractional inhibitory concentration index (FICI) 0.125-0.375], 11 (61.1%, FICI
0.258-0.281), and 16 (88.9%, FICI 0.039-0.281) strains, respectively, demonstrating
the potential of pyrvinium in reversion of ITC and POS resistance of both AFR1 (FICI
0.275, 0.281) and AFR2 (FICI 0.125, 0.039). The effective MIC ranges in synergistic
combinations were 0.25-8 pg/ml for pyrvinium, 0.125-4 pwg/ml for ITC, and 0.125 pg/mil
for both VRC and POS, demonstrating 4- to 32-fold reduction in MICs of azoles and
up to 64-fold reduction in MICs of pyrvinium, respectively. There was no antagonism.
The effect of pyrvinium—azole combinations in vivo was evaluated by survival assay and
fungal burden determination in the Galleria mellonella model infected with AF293, AFR1,
and AFR2. Pyrvinium alone significantly prolonged the survival of larvae infected with
AF293 (P < 0.01) and AFR1 (P < 0.0001) and significantly decreased the tissue fungal
burden of larvae infected with AFR1 (P < 0.0001). Pyrvinium combined with azoles
significantly improved larvae survival (P < 0.0001) and decreased larvae tissue fungal
burden in all three isolates (P < 0.0001). Notably, despite AFR2 infection was resistant
to VRC or pyrvinium alone, pyrvinium combined with VRC significantly prolonged survival
of both AFR1 and AFR2 infected larvae (P < 0.0001). In summary, the preliminary
results indicated that the combination with pyrvinium and azoles had the potential to
overcome azole resistance issues of A. fumigatus and could be a promising option for
anti-Aspergillus treatment.
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INTRODUCTION

Invasive aspergillosis (IA) remains a frequent and lethal disease
in high-risk immunocompromised individuals (Kontoyiannis
and Bodey, 2002). The most frequent causative pathogen
of TA is Aspergillus fumigatus. Antifungal drugs are limited
to treatment options. Azoles are the mainstay of treatment
and prevention of IA (Patterson et al, 2016). Nevertheless,
azole resistance, especially in A. fumigatus, has increased
alarmingly and is responsible for the high mortality rate
of TA (van der Linden et al, 2011; Verweij et al, 2016;
Perez-Cantero et al., 2020). Alternative therapeutic options
include amphotericin B and echinocandins. However, limited
efficacy or potential toxicity have restricted their use in IA.
In addition, clinically significant amphotericin B resistance in
Aspergillus spp. has been increasingly reported (Sterling and
Merz, 1998; Arabatzis et al., 2011; Ozkaya-Parlakay et al., 2016).
Therefore, drug repositioning in combination therapy might be a
promising option.

Pyrvinium pamoate (PP), a quinoline-derived cyanine
dye, was approved as an antihelmintic agent by Food and
Drug Administration in 1955. PP is used to treat parasitic
infections in humans (Beck et al, 1959; Wagner, 1963).
Interestingly, PP has also been demonstrated to strongly
inhibit the growth of fluconazole-resistant Candida albicans
and potentiate the antifungal effect of fluconazole (Chen
et al., 2015). In our previous study, PP was shown to exhibit
antifungal activity alone [minimal inhibitory concentration
(MIC) 2 pg/ml] and synergize with azoles against Exophiala
dermatitidis both in vitro (Gao et al., 2018) and in vivo (Sun
et al, 2020). Therefore, we speculate that PP might also
exert some antifungal effect and positive interactions with
conventional antifungals against A. fumigatus. Herein, the
antifungal efficacy of PP alone and in combination with
triazoles against A. fumigatus were investigated both in vitro
and in vivo.

MATERIALS AND METHODS

Fungal Strains, Antifungals, and
Chemical Agents

Eighteen clinical A. fumigatus isolates were studied,
including two isolates with the combination of punctual
mutation and a tandem repeat sequence of the Cyp51A gene
(TR46/Y121F/T289A and TR34/L98H). Aspergillus flavus (ATCC
204304) and Candida parapsilosis (ATCC 22019) were included
for quality control. Morphologic and molecular identification
of all isolates were performed via microscopy observation and
sequencing of p-tubulin, calmodulin, and the internal transcribed
spacer ribosomal DNA (Glass and Donaldson, 1995; Hong et al,,
2005; Samson and Varga, 2009).

All four drugs, including PP, itraconazole (ITC), voriconazole
(VRC), and posaconazole (POS), were purchased from Selleck
Chemicals, Houston, TX, United States. Stock solutions were
prepared by dissolving the drugs in dimethyl sulfoxide to achieve
stock solutions of 3,200 p g/ml.

In vitro Effect of Pyrvinium Pamoate
Alone and Combined With Azoles

Against A. fumigatus

The effects of PP alone and PP-azoles interactions against
A. fumigatus were evaluated via the microdilution chequerboard
technique, adapted from broth microdilution method M38-
A2 (Clinical and Laboratory Standards Institute, 2008). Fungal
cultures were grown on Sabouraud dextrose agar (SDA) for
7 days. Conidia were then harvested and suspended in sterile
distilled water containing 0.03% Triton. The conidia suspension
was diluted to a concentration of 1-5 x 10° spores/ml and
subsequently diluted in Roswell Park Memorial Institute 1640
medium to approximately 1-5 x 10* spores/ml. Twofold
serial dilutions of tested agents were prepared from stock
solutions with Roswell Park Memorial Institute 1640 medium,
according to M38-A2. The working concentration ranges were
0.06-32 pg/ml for PP and 0.03-16 pg/ml for azoles. As described,
a 100-p1 prepared conidia suspension was inoculated in each
cell of the 96-well plate. Subsequently, the horizontal direction
was inoculated with 50 pl of serial diluted PP, whereas the
vertical direction was inoculated with another 50 pl of serially
diluted azoles. The results were evaluated after incubation
at 35°C for 48 h. The MICs were defined as the lowest
concentration achieving complete inhibition of growth (Clinical
and Laboratory Standards Institute, 2008). The interaction of
drug combination was classified according to the fractional
inhibitory concentration index (FICI). The FICI was calculated
by the formula: FICI = (Ac/Aa) + (Bc/Ba), where Ac and Bc
are the MICs of antifungals in combination, and Aa and Ba are
the MICs of antifungals A and B alone, respectively, (Tobudic
et al., 2010). A FICI of <0.5 indicates synergy, a FICI of >0.5
to <4 is classified as no interaction (indifference), whereas a
FICI of >4 suggests antagonism (Odds, 2003). All tests were
performed in triplicate.

In vivo Efficacy of Pyrvinium Pamoate
Alone and in Combination With Azoles in

Galleria mellonella

The in vivo antifungal activity of PP alone and in combination
with azoles against A. fumigatus infections was evaluated by
G. mellonella survival assay as described previously (Maurer et al.,
2015). Groups of 20 sixth instar larvae (~300 mg, Sichuan,
China) were maintained in the dark at room temperature before
experiments. Fungal cultures of AF293, AFR1, and AFR2 were
grown on SDA at 37°C for 72 h. Conidia were then harvested
by gentle scraping of colony surfaces with sterile plastic loops,
washed twice, and adjusted to 1 x 10® spores/ml in sterile saline.
For evaluation of the in vivo effects of PP alone and combined
with azoles, the following intervention groups were included:
PP group, ITC group, POS group, VRC group, PP with ITC
group, PP with POS group, and PP with VRC group. Groups of
larvae injected with 10-pl sterile saline or conidia suspension,
and untouched larvae were served as control groups. Conidia
suspension and therapeutic and control solutions were injected
into the larvae via the last right proleg using a Hamilton syringe
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(25 gauge, 50 pl). Larvae were infected with fungal suspension
2 h before introducing therapeutic agents (0.5 pug per agent). All
groups of larvae were incubated at 30°C in the dark. For survival
studies, the death of larvae was monitored by visual inspection
of the color (brown-dark/brown) every 24 h for a duration of
5 days. For tissue burden studies, three larvae from each group
were selected without discrimination every 24 h for 4 days.
Subsequently, selected larvae were suspended in 1 ml of saline-
ampicillin and homogenized gently for a few seconds. The mix
was 1,000-fold diluted with phosphate-buffered saline buffer, and
100 pl of the dilutions was inoculated on the SDA. The colonies
were counted after incubation at 37°C for 24 h. The experiment
was repeated triplicate using larvae from different batches.

Statistical Analysis

Data were presented as mean & SEM. Graph Pad Prism 7 was
used for graphs and statistical analyses. The survival curves were
analyzed by the Kaplan-Meier method. Tissue fungal burden was
analyzed by analysis of variance. Differences were considered
significant when P < 0.05.

RESULTS

In vitro Effect of Pyrvinium Pamoate

Alone and Combined With Azoles

Against A. fumigatus

As shown in Table 1, the MIC ranges of PP alone were 2 pg/ml

against AFR1 and >32 pg/ml against the other strains. The MIC
ranges of azoles against azole-sensitive A. fumigatus were 1 pg/ml

for ITC, 0.5 pg/ml for VRC, and 0.5-1 pg/ml for POS. The MIC
ranges of azoles were >16 pg/ml for ITC, 4 pg/ml for VRC
and POS against AFR1 (TR34/L98H), and >16 pg/ml for VRC,
4 pg/ml for ITC and POS against AFR2 (TRy46/Y121F/T 289A).

When PP was combined with ITC, VRC, or POS, synergism
was observed in 15 (83.3%, FICI 0.125-0.375), 11 (61.1%,
FICI 0.258-0.281), and 16 (88.9%, FICI 0.039-0.281) strains
of A. fumigatus (Table 1). Although AFR1 and AFR2 showed
resistance to azoles, PP combined with ITC or POS showed
favorable synergism against both strains. The effective MIC
ranges of PP and ITC in synergistic combinations decreased to
1-8 and 0.125-0.25 pg/ml against azole-sensitive strains and 0.5-
4 and 0.25-4 pg/ml against azole-resistant strains, respectively,
(Table 1). In synergistic PP-POS combination, the MIC ranges
of PP and POS against A. fumigatus decreased to 0.25-1 and
0.125 pg/ml, respectively. The effective working ranges of PP
and VRC in synergistic combinations against A. fumigatus were
0.5-2 and 0.125 pg/ml, respectively, (Table 1). There was no
antagonism observed in all combinations.

In vivo Efficacy of Pyrvinium Pamoate
Alone and in Combination With Azoles
Against A. fumigatus

For AF293-infected groups, the survival rates of larvae treated
with PP, VRC, ITC, POS, PP with VRC, PP with ITC, and PP
with POS were 3.3, 33.3, 30, 30, 55, 43, and 60%, respectively.
Treatment with PP alone, azoles alone, and PP combined
with azoles all significantly increased the survival rate of
larvae (P < 0.01 for PP group, and P < 0.0001 for other

TABLE 1 | MICs and FICIs results with the combinations of PP and azoles.

Strains MIC? (ng/ml) for
Agent alone Combination®
PP ITC VRC POS PP/ITC PP/VRC PP/POS

AF293 >32 1 0.5 1 0.5/1 (1.008, ) 0.25/0.5 (1.003, I) 1/0.125 (0.141,S)
AF001 >32 1 0.5 0.5 2/0.25(0.281,S) 0.5/0.25 (0.508, 1) 0.5/0.25 (0.508, 1)
AF002 >32 1 0.5 1 2/0.25(0.281,S) 0.5/0.125 (0.258, S) 0.25/0.125 (0.129, S)
AF003 >32 1 0.5 1 0.25/1 (1.0083, I) 1/0.125 (0.266, S) 1/0.125 (0.141,S)
AF004 >32 1 0.5 1 8/0.25 (0.375, S) 2/0.125 (0.281, S) 0.5/0.125 (0.132,S)
AF005 >32 1 0.5 1 8/0.125 (0.25, S) 0.5/0.5 (1.008, 1) 0.5/0.125 (0.132,S)
AF006 >32 1 0.5 1 2/0.125 (0.156, S) 1/0.125 (0.266, S) 0.5/0.125 (0.132, S)
AF007 >32 1 0.5 1 0.5/1 (1.008, 1) 1/0.125 (0.266, S) 0.5/0.125 (0.132, S)
AF008 >32 1 0.5 1 4/0.125 (0.188, S) 0.5/0.125 (0.258, S) 1/0.125 (0.141,S)
AF009 >32 1 0.5 1 4/0.25 (0.313,S) 0.5/0.25 (0.508, 1) 0.25/0.125 (0.129, S)
AF010 >32 1 0.5 1 1/0.25 (0.266, S) 0.5/0.125 (0.258, S) 0.5/0.125 (0.132,S)
AFO11 >32 1 0.5 1 2/0.25 (0.281,S) 0.5/0.5 (1.008, 1) 0.5/0.125 (0.132,S)
AF012 >32 1 0.5 1 1/0.25 (0.266, S) 0.5/0.125 (0.258, S) 1/0.125 (0.141,5)
AF013 >32 1 0.5 1 2/0.25(0.281,S) 0.5/0.25 (0.508, 1) 0.25/0.125 (0.129, S)
AFO14 >32 1 0.5 1 4/0.25 (0.313,S) 1/0.125 (0.266, S) 0.5/0.5 (0.508, 1)
AFO15 >32 1 0.5 1 4/0.25 (0.313,S) 0.5/0.25 (0.508, 1) 0.5/0.125 (0.132, S)
AFR1 2 >16 4 4 0.5/4 (0.275,S) 0.5/2 (0.75, 1) 0.5/0.125 (0.281, S)
AFR2 >32 4 >16 4 4/0.25 (0.125,S) 16/16 (0.75,1) 0.5/0.125 (0.039, S)

aMIC is the concentration resulting in 100% growth inhibition.

bFICI results are shown in parentheses. S, synergy (FICI of <0.5); I, no interaction (indifference; 0.5 < FICI < 4). For FICI calculations, concentrations of 64 and 32 wg/ml

were used when MICs were >32 and > 16 ng/ml, respectively.
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FIGURE 1 | Survival curve of A. fumigatus-infected larvae with different interventions. (A) G. mellonella infected with AF293. Treatment with PP alone, azoles alone,
or combined with PP all significantly improved larvae survival. Combination of PP with azoles acted synergistically against AF293 infection. (B) G. mellonella infected
with AFR1. Treatment with PP alone, azoles alone, or combined with PP all significantly increased larvae survival. Combination of PP with azoles acted synergistically
against AFR1 infection. (C) G. mellonella infected with AFR2. Larvae survival rates were significantly improved in groups treated with ITC alone, POS alone, and
PP-azoles combinations. Larvae survival rates in the combination groups were significantly improved compared with azoles or PP alone groups (****P < 0.0001;

**P < 0.01; and *P < 0.05).
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groups; Figure 1A). The combination of PP with azoles acted
synergistically against AF293 infection, compared with azoles
alone or PP alone (P < 0.05).

Regarding AFRI infection, the survival rates of larvae treated
with PP, VRC, ITC, POS, PP with VRC, PP with ITC, and
PP with POS were 13.3, 20, 5, 10, 36.7, 18.3, and 30%,
respectively. PP alone, azoles alone, and azoles combined with
PP all significantly improved the survival of larvae infected with
AFR1 (P < 0.05 for ITC group, and P < 0.0001 for other
groups; Figure 1B). The combination of PP with azoles acted
synergistically against AFR1 infection, compared with the azoles
alone group (P < 0.05). In addition, the survival of larvae in
groups treated PP with VRC or POS was significantly higher than
the PP alone group (P < 0.05).

With respect to AFR2 infection, the survival rates of larvae
treated with PP, VRC, ITC, POS, PP with VRC, PP with
ITC, and PP with POS were 1.7, 5, 16.7, 23.3, 20, 31.7, and
46.7%, respectively. AFR2 infections showed resistance to neither
VRC nor PP treatment alone. Nevertheless, POS alone, ITC
alone, and PP-azoles combinations all significantly increased
the survival rate of AFR2-infected larvae (P < 0.01 for ITC
group, and P < 0.0001 for other groups; Figure 1C). In addition,
combination groups exhibited a significantly higher survival rate
than azoles or PP treatment alone groups (P < 0.05).

Fungal Burden Determination

Over the time of infection, increasing colony-forming unit (CFU)
counting in larvae was observed (Figure 2). For larvae infected
with AF293 (Figure 2A), the fungal burden of the PP alone
group was comparable with the control group. The fungal burden
in all azole groups was significantly lower than the PP group
and control group (P < 0.0001). There was no significant
difference between POS and VRC groups, whereas both groups
exhibited significantly lower CFU counting than the ITC group
(P < 0.001 for POS group versus ITC group, P < 0.0001 for
VRC group versus ITC group). All combination groups exhibited
significantly lower CFUs compared with the control group, azole
alone group, and PP alone group (P < 0.0001).

As for larvae infected with AFR1 (Figure 2B), all intervention
groups significantly decreased CFU number compared with the
control group (P < 0.01 for the ITC group and P < 0.0001
for other groups). All combination groups exhibited significantly
lower fungal burden than the azole alone and PP alone groups
(P < 0.0001). The VRC group, POS group, and PP group
exhibited comparable CFU counting, whereas the ITC group
exhibited significantly higher CFU numbers compared with
these three groups. Similarly, ITC combined with the PP group
exhibited significantly higher fungal burden than PP combined
with the POS or VRC group (P < 0.0001).

As for larvae infected with AFR2 (Figure 2C), the fungal
burden of the PP group, ITC group, and VRC group were all
comparable with the control group. There was no significant
difference between the PP and azoles groups. However, the POS
group significantly decreased CFU number compared with the
ITC group (P < 0.001), VRC group (P < 0.05), and control group
(P < 0.0001). All combination groups exhibited significantly
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FIGURE 2 | Effect of drug combinations on fungal burdens of larvae infected
with A. fumigatus. (A) Larvae infected with AF293. All azole alone groups and
combination groups exhibited significantly lower CFUs compared with control
group (P < 0.0001). Groups treated with azoles in combination with PP
exhibited significant (P < 0.0001) lower fungal burden than azole alone and
PP alone group. (B) Larvae infected with AFR1. All groups exhibited
significantly lower CFUs compared with control group (P < 0.01 for ITC group
and <0.0001 for other groups). All combination groups exhibited significantly
(P < 0.0001) lower fungal burden than azole alone and PP alone group.

(C) Larvae infected with AFR2. POS group and all combination groups
exhibited significantly lower CFUs compared with control group (P < 0.0001).
All combination groups exhibited significant (P < 0.0001) lower fungal burden
than azole alone and PP alone group.

lower CFUs compared with the control group, azole alone group,
and PP alone group (P < 0.0001).

DISCUSSION

Aspergillus infections have been increasingly recognized as a
global health challenge. Due to the occurrence of azole-resistant
strains worldwide and limited antifungal options, the therapy
of TA has been proved to be difficult (Chen et al., 2020).
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Combination therapies, which can expand the antifungal
spectrum, improve therapeutic efficacy, and reduce adverse
effects, could be a promising treatment option.

In the present study, PP was evaluated alone and combined
with azoles against A. fumigatus. Although PP alone showed
limited antifungal efficacy against most isolates tested in vitro,
PP exhibited MIC of 2 pg/ml against azole-resistant strain
AFRI. Accordingly, PP alone significantly improved the survival
rate of larvae infected with AFR1 (P < 0.0001) and AF293
(P < 0.01), demonstrating the anti-Aspergillus effect of PP alone
both in vitro and in vivo. Synergism between PP and ITC,
VRC, or POS was observed in 15 (83.3%), 11 (61.1%), and
16 (88.9%) isolates in vitro. It was notable that PP potentiated
the antifungal activity of both POS and ITC against AFRI and
AFR2. A fourfold and 16-fold reduction of ITC MICs against
AFRI and AFR2, respectively, and up to a 32-fold reduction
of POS MICs against both AFR1 and AFR2 were observed, as
shown in Table 1. Similarly, synergistic activity between PP and
azoles resulted in up to an eightfold reduction of the MICs of
azoles in azole-sensitive strains. The in vitro data were further
confirmed in vivo because antifungal treatment with azoles and
PP significantly improved larvae survival (P < 0.0001). Notably,
despite AFR2 infection was resistant to VRC or PP alone and
in vitro combination of PP-VRC showed inactive against both
AFR1 and AFR2, PP combined with VRC significantly increased
the survival of both AFR1 and AFR2 infected larvae (P < 0.0001).
All azoles-PP combinations showed a significantly positive
effect on larvae survival in comparison with the corresponding
azole applied alone (P < 0.05). In accordance with in vitro
susceptibility assay and in vivo survival assays, PP treatment
alone significantly decreased CFU counting of larvae infected
with AFR1. PP combined with azoles significantly decreased
tissue fungal burden in larvae compared with PP alone and
azole alone groups.

To date, mechanisms of azoles resistance in A. fumigatus
are not fully characterized. The most investigated molecular
mechanisms can be classified into the following two categories,
namely cyp51-mediated resistance, including Cyp51 protein
alterations and overexpression of the target enzyme, and
non-cyp51-mediated resistance, including upregulation of efflux
pump systems, fungal stress response, antifungal enzymatic
degradation, biofilm formation, and alternative pathways
activated to overcome the efficacy of antifungals (Wei et al., 2015;
Hagiwara et al., 2016; Chen et al., 2020; Perez-Cantero et al,,
2020). In these cases, azole resistance caused by a mutation in
the Cyp51A gene combined with tandem repeats of the gene
promoter region, e.g., TR34/L98H and TRys/Y121F/T289A,
which leads to significant cyp51A overexpression, challenges the
current understanding of the development of azole resistance in
A. fumigatus (Mellado et al., 2007; van der Linden et al., 2013).

The TR34/L98H and TR46/Y121F/T289A were first reported
in Netherlands in 1998 (Snelders et al., 2008) and 2009 (van
der Linden et al., 2013), respectively. Up to date, isolates
harboring these two mechanisms were found to be the major
route for resistance cases and spread worldwide (Meis et al.,
2016). It was estimated that 82-89% of azole-resistant cases in
Netherlands were due to TR34/L98H and TR46/Y121F/T289A

(Verweij et al, 2016), whereas this was the case in 64% of
cases in Belgium (Vermeulen et al., 2015) and 87% of cases in
Turkey (Ozmerdiven et al.,, 2015). Clinically, the role of azoles
in aspergillosis caused by azole-resistant strains is very limited
(Meis et al., 2016). Therefore, it is exciting to find that PP was
able to reverse ITC and POS resistance of AFR1 and AFR2
in vitro and synergize with VRC, ITC, or POS in vivo against
both AFR1 and AFR2. In addition, it is noteworthy that PP
alone showed moderate antifungal effect against AFR1 both
in vitro and in vivo but was inactive against AFR2 and other
isolates tested. We suspected that non-cyp51-mediated factors
might have played a critical role in the antifungal effect of
PP against AFRI1.

Previously, PP has been demonstrated to strongly inhibit the
growth of the fluconazole-resistant i(5L) strain of C. albicans,
which contains double copies of the left arm of chromosome
5 (Selmecki et al., 2006; Chen et al., 2015), and enhances the
antifungal efficacy of fluconazole, demonstrating the efficacy
of PP toward aneuploidy-based azole resistance. Acquisition
of aneuploidy has been documented in pathogenic fungi
C. albicans, Saccharomyces cerevisiae, and Cryptococcus
neoformans (Todd et al, 2017). Specific environmental
conditions, such as antifungal stress and fungal interactions
with the host, might result in aneuploidy, which has been
associated with drug resistance of fungi (Todd et al, 2017).
Although the role of the aneuploid genome has not been
described in A. fumigatus up to date, we suspected that
ploidy changes might have occurred in A. fumigatus. In-
depth studies are needed to investigate the probability of
aneuploidy in A. fumigatus, especially AFR1 strain, and
the possible role of aneuploidy in the anti-Aspergillus effect
of PP. Furthermore, previous studies revealed that PP
exhibited anticancer effects via mitochondrial respiration
inhibition and CKla activation, affecting multiple important
biological processes and signaling pathways, such as Akt and
Wnt-p-catenin-dependent pathways, autophagy, and energy
(Momtazi-Borojeni et al., 2017). Therefore, we suspected that
PP might also have some effect on critical fungal biological
processes, such as stress response, biofilm formation, and drug
efflux pump, as demonstrated in E. dermatitidis (Sun et al.,
2020). However, further investigations are needed to elucidate
the underlying mechanism.

In conclusion, the preliminary results indicated that PP could
overcome azole resistance issues of A. fumigatus and might be
a promising therapeutic strategy for anti-Aspergillus treatment.
However, the limitation of the present study is the sample size of
resistant strains of A. fumigatus studied. More isolates of resistant
strains involving different phenotypes and genotypes are needed
in the future study to help establish a comprehensive profile of
the effect of PP alone and in combination with azoles against
A. fumigatus.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Frontiers in Microbiology | www.frontiersin.org

November 2020 | Volume 11 | Article 579362


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Sun et al.

Pyrvinium Reversed Azole Resistance

ETHICS STATEMENT

Written informed consent was obtained from the individual(s)
for the publication of any potentially identifiable images or data
included in this article.

AUTHOR CONTRIBUTIONS

LG and YS conceived and designed the study. YZ and YS
performed all the experiments. LG analyzed the data and wrote

REFERENCES

Arabatzis, M., Kambouris, M., Kyprianou, M., Chrysaki, A., Foustoukou,
M., Kanellopoulou, M., (2011). Polyphasic identification and
susceptibility to seven antifungals of 102 Aspergillus isolates recovered
from immunocompromised hosts in Greece. Antimicrob. Agents Chemother.
55, 3025-3030. doi: 10.1128/AAC.01491-10

Beck, J. W., Saavedra, D., Antell, G. J., and Tejeiro, B. (1959). The treatment
of pinworm infections in humans (enterobiasis) with pyrvinium chloride and
pyrvinium pamoate. Am. J. Trop. Med. Hyg. 8, 349-352.

Chen, G., Mulla, W. A, Kucharavy, A., Tsai, H. J., Rubinstein, B., Conkright, .,
et al. (2015). Targeting the adaptability of heterogeneous aneuploids. Cell 160,
771-784. doi: 10.1016/j.cell.2015.01.026

Chen, P., Liu, J., Zeng, M., and Sang, H. (2020). Exploring the molecular
mechanism of azole resistance in Aspergillus fumigatus. J. Mycol. Med.
30:100915. doi: 10.1016/j.mycmed.2019.100915

Clinical and Laboratory Standards Institute (2008). Reference Method for
Broth Dilution Antifungal Susceptibility Testing of Filamentous Fungi;
Approved  Standard-2nd ed. CLSI Document M38-A2. Wayne, PA:
CLSIL

Gao, L, Sun, Y., He, C, Zeng, T. and Li, M. (2018). Synergy between

et al

pyrvinium  pamoate and azoles against exophiala  dermatitidis.
Antimicrob. Agents Chemother. 62, e2361-€2317. doi: 10.1128/AAC.
02361-17

Glass, N. L., and Donaldson, G. C. (1995). Development of primer sets designed
for use with the PCR to amplify conserved genes from filamentous ascomycetes.
Appl. Environ. Microbiol. 61, 1323-1330.

Hagiwara, D., Watanabe, A., Kamei, K, and Goldman, G. H. (2016).
Epidemiological and genomic landscape of azole resistance mechanisms
in Aspergillus fungi. Front. Microbiol. 7:1382. doi: 10.3389/fmicb.2016.
01382

Hong, S. B., Go, S. J., Shin, H. D., Frisvad, J. C., and Samson, R. A. (2005).
Polyphasic taxonomy of Aspergillus fumigatus and related species. Mycologia
97, 1316-1329. doi: 10.3852/mycologia.97.6.1316

Kontoyiannis, D. P., and Bodey, G. P. (2002). Invasive aspergillosis in 2002: an
update. Eur. J. Clin. Microbiol. Infect. Dis. 21, 161-172. doi: 10.1007/s10096-
002-0699-z

Maurer, E., Browne, N., Surlis, C., Jukic, E., Moser, P., Kavanagh, K., et al. (2015).
Galleria mellonella as a host model to study Aspergillus terreus virulence and
amphotericin B resistance. Virulence 6, 591-598. doi: 10.1080/21505594.2015.
1045183

Meis, J. F., Chowdhary, A., Rhodes, J. L., Fisher, M. C., and Verweij, P. E.
(2016). Clinical implications of globally emerging azole resistance in Aspergillus
fumigatus. Philos. Trans. R. Soc. Lond. B Biol. Sci. 371:20150460. doi: 10.1098/
rstb.2015.0460

Mellado, E., Garcia-Effron, G., Alcazar-Fuoli, L., Melchers, W. J., Verweij, P. E.,
Cuenca-Estrella, M., et al. (2007). A new Aspergillus fumigatus resistance
mechanism conferring in vitro cross-resistance to azole antifungals involves
a combination of cyp51A alterations. Antimicrob. Agents Chemother. 51,
1897-1904. doi: 10.1128/AAC.01092-06

Momtazi-Borojeni, A. A., Abdollahi, E., Ghasemi, F., Caraglia, M., and Sahebkar,
A. (2017). The novel role of pyrvinium in cancer therapy. J. Cell. Physiol. 233,
2871-2881. doi: 10.1002/jcp.26006

the manuscript. JY and TZ provided general guidance and
revised the manuscript. All authors contributed to the article and
approved the submitted version.

FUNDING

This work was supported by grant WJ2018H178 from Hubei
Province Health and Family Planning Scientific Research Project
and grant 2019CFB567 from the Natural Science Foundation
of Hubei Province.

Odds, F. C. (2003). Synergy, antagonism, and what the chequerboard
puts between them. J. Antimicrob. Chemother. 52:1. doi: 10.1093/jac/
dkg301

Ozkaya-Parlakay, A., Ozer-Bekmez, B., Kara, A., Kuskonmaz, B., Akcoren,
Z., Arikan-Dagli, S., et al. (2016). An important finding of systemic
Aspergillosis:  skin involvement and amphotericin B resistance in an
adolescent. Pediatr. Neonatol. 57, 343-346. doi: 10.1016/j.pedneo.2013.
09.010

Ozmerdiven, G. E.,, Ak, S., Ener, B., Agca, H,, Cilo, B. D,, Tunca, B., et al. (2015).
First determination of azole resistance in Aspergillus fumigatus strains carrying
the TR34/L98H mutations in Turkey. J. Infect. Chemother. 21, 581-586.
doi: 10.1016/j.jiac.2015.04.012

Patterson, T. F., Thompson, G. R. III, Denning, D. W., Fishman, J. A,
Hadley, S., Herbrecht, R, et al. (2016). Practice guidelines for the
diagnosis and management of aspergillosis: 2016 update by the infectious
diseases Society of America. Clin. Infect. Dis. 63, el-e60. doi: 10.1093/cid/
ciw326

Perez-Cantero, A., Lopez-Fernandez, L., Guarro, J., and Capilla, J. (2020).
Azole resistance mechanisms in Aspergillus: update and recent advances.
Int. ]. Antimicrob. Agents 55:105807. doi: 10.1016/j.ijantimicag.2019.
09.011

Samson, R. A., and Varga, J. (2009). What is a species in Aspergillus? Med. Mycol.
47(Suppl. 1), S13-520. doi: 10.1080/13693780802354011

Selmecki, A., Forche, A., and Berman, J. (2006). Aneuploidy and isochromosome
formation in drug-resistant Candida albicans. Science 313, 367-370. doi: 10.
1126/science.1128242

Snelders, E., van der Lee, H. A., Kuijpers, J., Rijs, A. J., Varga, J., Samson, R. A.,
etal. (2008). Emergence of azole resistance in Aspergillus fumigatus and spread
of a single resistance mechanism. PLoS Med. 5:¢219. doi: 10.1371/journal.pmed.
0050219

Sterling, T. R., and Merz, W. G. (1998). Resistance to amphotericin B: emerging
clinical and microbiological patterns. Drug Resist. Updat. 1, 161-165.

Sun, Y., Gao, L., Yuan, M., Yuan, L., Yang, J., and Zeng, T. (2020). In vitro
and in vivo Study of Antifungal Effect of Pyrvinium Pamoate Alone and in
Combination With Azoles Against Exophiala dermatitidis. Front. Cell. Infect.
Microbiol. 10:576975. doi: 10.3389/fcimb.2020.576975

Tobudic, S., Kratzer, C., Lassnigg, A., Graninger, W., and Presterl, E. (2010).
In vitro activity of antifungal combinations against Candida albicans biofilms.
J. Antimicrob. Chemother. 65, 271-274. doi: 10.1093/jac/dkp429

Todd, R. T., Forche, A., and Selmecki, A. (2017). Ploidy variation in fungi:
polyploidy, aneuploidy, and genome evolution. Microbiol. Spectr. 5:FUNK-
0051-2016. doi: 10.1128/microbiolspec. FUNK-0051-2016

van der Linden, J. W., Camps, S. M., Kampinga, G. A., Arends, J. P., Debets-
Ossenkopp, Y. J., Haas, P. J., et al. (2013). Aspergillosis due to voriconazole
highly resistant Aspergillus fumigatus and recovery of genetically related
resistant isolates from domiciles. Clin. Infect. Dis. 57, 513-520. doi: 10.1093/
cid/cit320

van der Linden, J. W., Snelders, E., Kampinga, G. A., Rijnders, B. J., Mattsson, E.,
Debets-Ossenkopp, Y. J., et al. (2011). Clinical implications of azole resistance
in Aspergillus fumigatus, The Netherlands, 2007-2009. Emerg. Infect. Dis. 17,
1846-1854. doi: 10.3201/eid1710.110226

Vermeulen, E., Maertens, J., De Bel, A., Nulens, E., Boelens, J., Surmont,
I, et al. (2015). Nationwide surveillance of azole resistance in Aspergillus

Frontiers in Microbiology | www.frontiersin.org

November 2020 | Volume 11 | Article 579362


https://doi.org/10.1128/AAC.01491-10
https://doi.org/10.1016/j.cell.2015.01.026
https://doi.org/10.1016/j.mycmed.2019.100915
https://doi.org/10.1128/AAC.02361-17
https://doi.org/10.1128/AAC.02361-17
https://doi.org/10.3389/fmicb.2016.01382
https://doi.org/10.3389/fmicb.2016.01382
https://doi.org/10.3852/mycologia.97.6.1316
https://doi.org/10.1007/s10096-002-0699-z
https://doi.org/10.1007/s10096-002-0699-z
https://doi.org/10.1080/21505594.2015.1045183
https://doi.org/10.1080/21505594.2015.1045183
https://doi.org/10.1098/rstb.2015.0460
https://doi.org/10.1098/rstb.2015.0460
https://doi.org/10.1128/AAC.01092-06
https://doi.org/10.1002/jcp.26006
https://doi.org/10.1093/jac/dkg301
https://doi.org/10.1093/jac/dkg301
https://doi.org/10.1016/j.pedneo.2013.09.010
https://doi.org/10.1016/j.pedneo.2013.09.010
https://doi.org/10.1016/j.jiac.2015.04.012
https://doi.org/10.1093/cid/ciw326
https://doi.org/10.1093/cid/ciw326
https://doi.org/10.1016/j.ijantimicag.2019.09.011
https://doi.org/10.1016/j.ijantimicag.2019.09.011
https://doi.org/10.1080/13693780802354011
https://doi.org/10.1126/science.1128242
https://doi.org/10.1126/science.1128242
https://doi.org/10.1371/journal.pmed.0050219
https://doi.org/10.1371/journal.pmed.0050219
https://doi.org/10.3389/fcimb.2020.576975
https://doi.org/10.1093/jac/dkp429
https://doi.org/10.1128/microbiolspec.FUNK-0051-2016
https://doi.org/10.1093/cid/cit320
https://doi.org/10.1093/cid/cit320
https://doi.org/10.3201/eid1710.110226
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Sun et al.

Pyrvinium Reversed Azole Resistance

diseases. Antimicrob. Agents Chemother. 59, 4569-4576. doi: 10.1128/AAC.
00233-15

Verweij, P. E., Chowdhary, A., Melchers, W. J.,, and Meis, J. F. (2016). Azole
resistance in Aspergillus fumigatus: can we retain the clinical use of mold-
active antifungal azoles? Clin. Infect. Dis. 62, 362-368. doi: 10.1093/cid/
civ885

Wagner, E. D. (1963). Pyrvinium pamoate in the treatment of strongyloidiasis. Am.
J. Trop. Med. Hyg. 12, 60-61.

Wei, X., Zhang, Y., and Lu, L. (2015). The molecular mechanism of azole resistance
in Aspergillus fumigatus: from bedside to bench and back. J. Microbiol. 53,
91-99. doi: 10.1007/s12275-015-5014-7

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Sun, Gao, Zhang, Yang and Zeng. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Microbiology | www.frontiersin.org

November 2020 | Volume 11 | Article 579362


https://doi.org/10.1128/AAC.00233-15
https://doi.org/10.1128/AAC.00233-15
https://doi.org/10.1093/cid/civ885
https://doi.org/10.1093/cid/civ885
https://doi.org/10.1007/s12275-015-5014-7
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Synergistic Effect of Pyrvinium Pamoate and Azoles Against Aspergillus fumigatus in vitro and in vivo
	Introduction
	Materials and Methods
	Fungal Strains, Antifungals, and Chemical Agents
	In vitro Effect of Pyrvinium Pamoate Alone and Combined With Azoles Against A. fumigatus
	In vivo Efficacy of Pyrvinium Pamoate Alone and in Combination With Azoles in Galleria mellonella
	Statistical Analysis

	Results
	In vitro Effect of Pyrvinium Pamoate Alone and Combined With Azoles Against A. fumigatus
	In vivo Efficacy of Pyrvinium Pamoate Alone and in Combination With Azoles Against A. fumigatus
	Fungal Burden Determination

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


