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ABSTRACT Infections by drug-resistant fungi are increasingly reported worldwide;
however, only few novel antifungals are being developed. The old antimicrobial nitroxo-
line is currently repurposed for oral treatment of bacterial urinary tract infections (UTI).
Previously, antifungal activity has been demonstrated and in contrast to many antifungals
nitroxoline reaches high urinary concentrations. In this study, the activity of nitroxoline was
assessed in vitro in a collection of yeasts from the German National Reference Centre for
Invasive Fungal Infections. Susceptibility was determined by broth microdilution (BMD) and
disk diffusion (DD). The collection comprised 45 Candida isolates originating from the uri-
nary tract. MICs of amphotericin, anidulafungin and azoles were analyzed using EUCAST
BMD. Among the collection isolates, resistance to antifungals was common, e.g., for flucona-
zole the MICsy40 Was 16/>64 mg/L; in contrast MICs,, Of nitroxoline was 2/2 mg/L (MIC
range 0.25-4 mg/L), which is at least two dilutions below the EUCAST breakpoint for
uncomplicated UTI defined for E. coli (susceptible = 16mg/L). Activity of nitroxoline was
high irrespective of resistance to other agents. As BMD is labor-intensive, DD was inves-
tigated as an alternative method using three different agars. Nitroxoline disks produced
large inhibition zones on all agars (=19mm), but the correlation of MICs and zone diame-
ters was low, with the highest correlation recorded for the CLSI recommended agar for
antifungal DD (Pearson’s r = —0,52). In conclusion, isolates of different Candida species
are highly susceptible to nitroxoline, which could be a promising antimicrobial to treat can-
diduria caused by multidrug resistant yeasts.

KEYWORDS 8-hydroxyquinoline, Candida auris, Candida glabrata, azole, azole-
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ntimicrobial resistance (AMR) is one of the top 10 public health threats facing humanity
according to the World Health Organization (WHO) (1). For a long time, the increase
of resistant fungi remained unnoticed amid the emergence of resistant bacteria (2). WHO
currently compiles a priority list considering among other issues the treatment options Copyright © 2022 American Society for
for fungal infections with respect to specific species (Candida auris) and emerging antifungal Witaretotieliogy. A Rigfis [Reservae!
resistance (3).
Candiduria is mostly asymptomatic, and the necessity of antifungal therapy is discussed
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a potential of spontaneous recovery without the use of antifungals are valid arguments
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against candiduria treatment (4). On the other hand, treatment may prevent some patients Published 11 May 2022

from developing invasive infections and may be necessary, e.g., in case of symptomatic
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candiduria (5). For azole-resistant Candida spp. amphotericin B deoxycholate quickly becomes
the weapon of last resort, as poor renal clearance of echinocandins leads to subtherapeutic
concentrations and selection of echinocandin resistant yeast populations (6).

In the light of the few classes of antifungals, repurposing of approved antimicrobials is
warranted (7). Approved drugs possessing antifungal activity that are structurally unrelated
to classical antifungal drugs could be used to spare azoles, echinocandins and polyenes and
may prevent the selection and spread of resistant fungi. The old antibiotic nitroxoline
(8-hydroxy-quinoline) could therefore be an interesting option for the treatment of
candiduria, as it has previously demonstrated antifungal activity (8, 9). It is currently recom-
mended among the first line antimicrobials for the treatment of uncomplicated urinary tract
infections (uUTI) in Germany (10). EUCAST has introduced a clinical breakpoint limited to
uUTl and E. coli (susceptible, =16mg/L or inhibition zone diameter [IZD] =15mm) in 2016
(11). The mode of action is poorly understood, yet chelation-based antifungal activity has
been reported for nitroxoline already decades ago (9). Currently, its clinical use is limited to
uUTI treatment, since systemic concentrations are low, compared to the high urinary con-
centrations after oral administration (8). In a recent study, nitroxoline was proposed as an al-
ternative treatment option in C. auris candiduria (12).

The aim of the present study was to analyze the antifungal activity of nitroxoline in
a diverse collection of Candida spp. from the urinary tract with a focus on isolates exhibiting
decreased susceptibility to common antifungals. Activity of nitroxoline was compared to the
activity of amphotericin, anidulafungin, fluconazole, voriconazole and posaconazole. Nitroxoline
is approved in Germany and Poland, which could facilitate further trial development or even
compassionate use.

RESULTS

For nitroxoline MICs,, Was 2/2 mg/L across isolates of all species (MIC range 0.25 mg/L -
4 mg/L), demonstrating high antifungal activity. The recorded MICs are at least two dilutions
below the current UTI breakpoint of nitroxoline for E. coli defined by EUCAST (11). The
overall highest nitroxoline MICs were displayed for C. glabrata (MICy,o, 2/4 mg/L). Of note,
all three isolates with the highest MIC demonstrated within the study (4 mg/L) were C. glab-
rata isolates. In contrast, C. glabrata quality control strain ATCC 90030 yielded a nitroxoline
MIC of 0.5 mg/L.

To compare the activity of nitroxoline to that of classical antifungal drugs, the MICs of
amphotericin, anidulafungin and different azoles (fluconazole, voriconazole, posaconazole) for
all clinical isolates were determined (Table 1). Acquired resistance or intrinsically decreased sus-
ceptibility to azoles was demonstrated in 37/45 isolates, to anidulafungin in 22/45 isolates and
to amphotericin in one isolate. Six isolates were resistant to two antifungal classes (Table 1).

In addition to MIC determination by broth microdilution, disk diffusion testing was
carried out using three different agars and results were compared to MIC determination (Fig. 1
and Table 1). Nitroxoline disks produced large inhibition zones on all agars (19-36 mm on MH
agar, 20-33 mm on CLSI agar, 27-39 mm on RPMI 1640) (Table 1). However, species-specific
analysis of correlation coefficients is limited by the small number of isolates for most spe-
cies. If unstratified by species, the highest correlation coefficient for all clinical isolates
(N = 45) was recorded for CLSI supplemented MH agar with Pearson’s r = —0,52, compared
to r=—0,26 for RPMl and r = —0,46 for MH agar.

DISCUSSION

Candida spp. are opportunistic pathogens, and antifungal treatment is required only
in invasive infections and patient populations susceptible for opportunistic infections (5).
Although candiduria is a common entity especially in hospitalized patients exposed to
antibacterial therapy and/or indwelling urinary catheterization, the indication for treatment
remains controversial (4). According to the Clinical Practice guideline of the Infectious Diseases
Association of America (IDSA) (updated 2016) candiduria treatment should be limited to symp-
tomatic patients or asymptomatic patients with specific risk factors (i.e., pregnancy, neutrope-
nia, very-low-birth-weight infants, undergoing surgery of the urinary tract) (5).
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TABLE 1 Susceptibility of clinical Candida spp. to antifungals and nitroxoline?

Azoles Nitroxoline
AMB AFG FLC VRC POS MIC 1ZD RPMI 1ZD CLSI 1ZD MH
Species Collection ID (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mm) (mm) (mm)
C. glabrata (N = 18) 14-52 0.25 2 >64 4 >8 0.25 33 33 28
16-167 0.25 2 >64 8 >8 1 34 27 31
14-64 0.5 0.06 >64 4 4 1 35 28 30
17-181 0.5 0.06 >64 8 >8 2 36 27 31
19-568 0.5 =0.016 64 1 2 2 33 28 27
20-372 0.25 =0.016 >64 2 >8 1 31 22 27
19-34 0.5 4 4 0.125 0.5 1 31 27 27
18-320 0.125 4 16 0.25 1 2 35 26 26
16-205 0.5 2 8 0.25 0.5 2 30 22 25
16-244 0.5 2 4 0.06 0.25 2 32 25 27
18-370 0.5 2 4 0.125 0.5 1 30 25 24
20-215 0.5 2 8 0.5 2 1 31 25 27
15-130 0.25 0.5 0.5 =0.016 0.06 2 32 22 26
16-49 0.5 0.03 8 0.125 0.5 4 32 24 21
19-294 0.25 =0.016 8 0.5 2 4 32 28 27
19-718 0.25 =0.016 4 0.125 0.125 4 29 22 23
18-431 0.5 0.03 4 0.06 2 2 35 20 19
20-753 0.25 0.03 2 0.06 0.125 1 32 26 25
C. albicans (N = 8) 16-166 0.25 0.5 >64 >8 >8 0.5 32 30 30
17-280 0.25 0.004 >64 >8 >8 0.5 31 29 28
20-175 1 =0.016 >64 >8 >8 0.5 32 25 28
16-238 0.5 0.016 16 0.06 0.06 1 33 29 30
20-668 0.125 =0.002 16 0.06 <0.016 2 27 25 23
18-435 0.5 0.03 0.25 =0.016 0.03 1 33 29 28
19-51 0.25 =0.016 0.25 0.03 =0.016 1 32 29 28
19-742 0.125 =0.016 0.25 0.03 =0.016 0.5 35 30 27
C. parapsilosis (N = 7) 20-389 0.25 1 >64 4 0.03 1 33 30 28
20-548 0.25 1 >64 4 =0.016 0.5 35 28 31
19-669 0.5 1 64 1 0.06 0.25 32 30 27
19-84 0.5 1 32 1 0.03 0.5 35 31 31
18-227 0.5 2 1 0.03 =0.016 2 29 24 25
19-726 0.25 2 1 0.03 =0.016 0.5 35 25 25
20-294 0.5 1 0.5 =0.016 =0.016 0.25 40 30 28
C. auris (N=5) 19-731 2 1 >64 >8 2 1 33 27 30
20-170 0.5 0.5 >64 2 =0.016 1 35 27 29
20-742 1 4 8 0.03 =0.016 0.5 34 25 29
20-39 1 0.125 16 0.125 =0.016 0.5 39 29 33
20-87 1 0.125 16 0.125 =0.016 1 38 30 33
C. tropicalis (N = 4) 19-42 0.5 0.25 >64 >8 >8 2 30 23 30
17-182 0.5 0.125 >64 >8 >8 2 32 25 30
19-318 0.5 1 0.5 0.125 0.03 1 32 31 33
16-7 0.25 0.06 0.5 0.06 0.03 1 37 28 36
C. krusei (N=12) 17-243 1 0.125 64 1 0.5 1 32 27 30
20-694 0.5 0.03 32 0.25 0.25 1 32 27 31
C. pararugosa (N = 1) 17-442 0.125 0.25 8 0.25 0.25 2 34 26 29
Nitroxoline quality control strains (N = 6)
ATCC 25922 Escherichia coli 2 22 23 23
ATCC 10231 Candida albicans 0.25 35 32 32
ATCC 90030 Candida glabrata 0.5 34 28 31
ATCC 90877 Candida guilliermondii 0.25 35 29 31
ATCC 6285 Candida krusei 0.5 32 29 31
ATCC 22019 Candida parapsilosis 1 29 27 26

9Bold numbers indicate MICs in the resistant range based on EUCAST breakpoints (version 10.0) or tentative CDC-breakpoints for C. auris (available at https://www.cdc.gov/
fungal/candida-auris/c-auris-antifungal.html [last accessed 11/2021]). For Nitroxoline quality control and reproduction of nitroxoline susceptibility testing with yeasts
elsewhere, test results of six different ATCC strains were included.
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FIG 1 Histograms of MICs (broth microdilution) vs. respective inhibition zone by disk diffusion on different
agars. (A) RPMI 1640 agar; (B) MH agar; (C) supplemented MH agar according to CLSI for yeast susceptibility
testing.

Overall data on guideline adherence is scarce and some authors found evidence for
poor impact of the clinical decisions in candiduria management on endpoints such as
patient mortality, recurrence of candiduria or length of hospital stay (13). However, for
some patient populations candiduria treatment is essential, yet few antifungals are
suitable for treatment. Especially when fluconazole, the most common drug of choice,
cannot be used (e.g., allergy, hepatotoxicity, azole-resistant Candida spp.). In this case,
amphotericin B, sometimes in combination with flucytosine, remains the last option
for therapy, despite unfavorable side effects (14). Another option is bladder irrigation
using amphotericin B. This method reduces amphotericin related systemic side effects,
but its use is controversial and limited by the need for continuous catheterization (15).

With increasing antimicrobial resistance, the need for new therapeutic options has
led to regained interest in old antimicrobials (7). Nitroxoline has recently shown in vitro
activity in different emerging pathogens (16-18) and has been proposed for further
evaluation in fungal infections because of its excellent in vitro activity against C. auris
(12). In the present study, nitroxoline MICs for all isolates (range 0.5-4 mg/L) were at
least two dilutions below the current EUCAST breakpoint for bacterial uUTI (=16mg/L),
demonstrating high antifungal activity in all isolates, including those resistant to azoles
and irrespective of species. In contrast for fluconazole the most commonly used drug
in candiduria treatment MICs,9, was 16/>64 mg/L.

For the comparison of the MICs of classical antifungals to nitroxoline the differences
in urinary concentrations have to be considered. Among the comparators tested in this
study, only fluconazole achieves relevant urinary concentrations in contrast to voricona-
zole (19), posaconazole (20) and anidulafungin (19). For amphotericin approximately 20%
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of the dose is excreted via urine, but only if amphotericin deoxycholate is administered (21).
Flucytosine reaches high urinary concentrations (19) but is only recommended for combina-
tion therapy.

In vivo antimicrobial effects of nitroxoline rely on both conjugated and unconjugated
forms of nitroxoline (22). MICs determined in this study (only unconjugated nitroxoline was
tested) can be considered promising for therapeutical effects in urine (i.e, concentration of
>5 mg/L for unconjugated and >200mg/L for conjugated nitroxoline have been reported
in urine from hospitalized patients [23]) and even in the prostate (24, 25). However, as
reviewed recently, most data on nitroxoline pharmacokinetics are old and from studies with
small sample sizes (8). In addition, more studies focusing on technical aspects of nitroxoline
antifungal susceptibility testing (AFST) are warranted. We previously established nitroxoline
AFST in a collection of C. auris (N = 35 isolates) (12). While the MICs displayed for C. auris
from the previous and the current study (N = 5) are well comparable (highest MIC assessed
1 mg/L) the correlation with disk diffusion was not as high for other Candida spp., possibly
as a result of the small number of strains for each species. Additionally, isolates with high
MICs/small 1ZDs for nitroxoline were not present, limiting correlation of disk diffusion
and microdilution results. Overall, until disk diffusion breakpoints for different species are
established broth microdilution should be used for nitroxoline AFST in future studies.
Nevertheless, disk diffusion is an easily implementable technique that can be carried out in
most clinical microbiology laboratories. An IZD = 19 mm on commercial MH or CLSI-MH
agar or = 27 mm on RPMI 1640 may be used as a tentative screening breakpoint in circum-
stances when microdilution is not available and no other antifungal options are available.

Our study has several limitations. Most importantly, low MICs do not necessarily translate
into microbiological and clinical cure in vivo. For nitroxoline data on clinical success is still
scarce despite promising in vitro studies on MICs and biofilms (12, 16-18, 26-30). Treatment
failure in bacterial UTI has also been reported (23). Since nitroxoline activity relies on chelation
of ions, host factors such as urinary pH and urinary ion concentrations may interfere with the
antimicrobial effects of the drug in vivo (8). On the other hand, the MICs observed in this col-
lection of otherwise drug resistant fungi are at least two dilutions below the current uUTI
breakpoint for bacteria. Second, the conjugated forms of nitroxoline have also chelating and
antimicrobial effects (22). Despite its use for decades nitroxoline resistant microorganisms
have rarely been reported thus it remains elusive whether an increase in nitroxoline usage
may lead to rapid increase in the prevalence of nitroxoline resistant microorganisms (29, 30).
In our challenge collection, no isolates with high nitroxoline MICs were present, although we
analyzed different species from all UTI Candida isolates sent to the NRZmyk (N = 45). Of note,
UTlI isolates are rarely submitted to the NRZMyk, and the most common reason is the detec-
tion of a resistant phenotype by the submitting laboratory. Hence only 45 isolates were
included (2014-2020), and the high frequency of azole resistance is not representative for
overall susceptibility of Candida spp. from urinary specimen.

Overall, nitroxoline has an approved efficacy and safety profile (30) and is already recom-
mended in a national treatment guideline (10), which may facilitate compassionate use and
the development of in vivo studies for correlation of in vitro data with clinical endpoints.

To conclude, this study demonstrated excellent in vitro activity of nitroxoline
against Candida spp. from the urinary tract with resistance to other antifungals. With
respect to increasing AMR, nitroxoline could be an alternative drug for treatment of
candiduria sparing classical antifungals for invasive infections.

MATERIALS AND METHODS

Isolates. To test the activity of nitroxoline against Candida spp. in UTI, all Candida spp. from urine speci-
men were included which were sent to the German National Reference Center for Invasive Fungal Infections
(NRZmyk) between 2014 and 2020 (N = 45). Of the 45 isolates (Candida glabrata (N = 18), Candida albicans
(N = 8), Candida parapsilosis (N = 7), Candida auris (N = 5), Candida tropicalis (N = 4), Candida krusei (N = 2) and
Candida pararugosa (N = 1)) 37 isolates demonstrated acquired resistance or had intrinsically reduced
susceptibility to azoles (e.g., C. auris, C. krusei, C. glabrata), 22 to echinocandines and one to polyenes
based on EUCAST breakpoints (31) or tentative CDC breakpoints for C. auris (fluconazole =32 mg/L,
amphotericin B =2 mg/L, anidulafungin = 4 mg/L; available at https://www.cdc.gov/fungal/candida-auris/
c-auris-antifungal.html [last accessed 11/2021]). Species identification was done using matrix-assisted laser
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desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) on a Biotyper system (Bruker
Daltonics, Germany).
Susceptibility testing. Nitroxoline broth microdilution testing was performed as described previously
(12), using RPMI 1640 broth (Becton, Dickinson, Heidelberg, Germany). Nitroxoline powder was obtained
from the manufacturer (Rosen Pharma, St. Ingbert, Germany). Nitroxoline disk diffusion testing was car-
ried out using 30 g disks (Oxoid, Wesel, Germany) with commercial MH agar (Oxoid) and RPMI 1640 agar
(prepared in-house). Additionally, MH agar (Becton, Dickinson, Germany) supplemented with 0.5 xg/mL meth-
ylene blue and 2% glucose according to CLSI for yeast disk diffusion testing was also assessed (32). E. coli ATCC
25922 is the only strain with a defined quality control range for nitroxoline and was therefore used only for
nitroxoline quality control purposes alongside a collection of different ATCC yeast strains (ATCC 10231 C. albi-
cans, ATCC 90030 C. glabrata, ATCC 90877 C. guilliermondii, ATCC 6285 C. krusei, ATCC 22019 C. parapsilosis)
(12) to facilitate reproduction of nitroxoline susceptibility testing with yeasts elsewhere. Nitroxoline susceptibil-
ity testing was performed by two independent examiners, blinded to the results of each other. Susceptibility
testing of other antifungals was performed by EUCAST broth microdilution as described previously (33-35).

Statistical analysis. For correlation of nitroxoline MICs with disk diffusion results Pearson’s correlation
coefficient was calculated using GraphPad Prism 8.0 (La Jolla, CA, United States).
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