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ARTICLE INFO ABSTRACT

Keywords: Intra-abdominal candidiasis (IAC) occurs due to the direct inoculation of Candida into the sterile peritoneal
Candida albicans cavity or leakage of the gastrointestinal tract. An important difference between the two forms of the disease is the
RadiOIa'?EIi“g presence of fecal material, which is exclusive to the latter condition. However, the influence of fecal material on
;:fﬂgﬁﬁim_gg m the prognosis of IAC is still poorly understood. Furthermore, methodologies that use the quantification of fungal
Abscess load by culture methods have low sensitivity, as they do not adequately show the precocity of the infectious

process. Here, we developed a new method to evaluate the aspects of the pathophysiology of IAC, mainly the
influence of fecal material on the prognosis of infection, by using C. albicans radiolabeled with technetium-99 m
(°° ™T¢). C. albicans was successfully radiolabeled with ° ™Tc (18.5 MBq) using dihydrate stannous chloride
(100 pM) as a reducing agent. This binding was stable for 72 h. Viability, yeast-to-hyphae transition,
morphology, and antifungal susceptibility were not altered by radiolabeling C. albicans with °® ™Tc. The biomass
and the fungal load of ° ™Tc-C. albicans biofilms were reduced compared to the C. albicans non-radiolabeled after
72 h and 48 h of incubation, respectively. In the IAC model, the fungal load in the biodistribution of *® ™Tc-
C. albicans and culture assays was higher in animals receiving fungal inoculum without fecal material, suggesting
that the presence of this component reduces the invasiveness of the pathogen.

1. Introduction

Candidiasis is a disease caused by different species of the genus
Candida that can manifest as a generally self-limiting superficial infec-
tion (e.g., oral and vulvovaginal candidiasis) (Millsop and Fazel, 2016;
Sobel, 2007; Ghorbani et al.,, 2018; Fakhim et al., 2020) or as a
life-threatening invasive infection (Schmiedel and Zimmerli, 2016).
Invasive candidiasis can be divided into candidemia and deep-seated
candidiasis (Centers for Disease Control and Prevention, 2020), in
which intra-abdominal candidiasis (IAC) is the most common form of
deep-seated candidiasis (Azim et al., 2017; Vergidis et al., 2016). IAC

* Corresponding authors.

usually occurs due to direct inoculation of Candida into the sterile
peritoneal cavity, caused by, for example, infected peritoneal dialysis
catheters or, more commonly, as a result of leakage or perforation of the
gastrointestinal tract (Azim et al., 2017). The course of IAC is associated
with peritonitis as a result of the host’s response to Candida in the
peritoneal cavity, followed by abscess formation, which occurs in the
following days. During abscess formation, Candida cells invading the
abdominal organs from the peritoneal cavity are contained, walled off,
and eventually eliminated by the inflammatory response (Montravers
et al., 2013). When the immune response associated with abscess for-
mation cannot control the infection, the pathogen spreads into the
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bloodstream and causes candidemia (Vergidis et al., 2016).

Peritonitis in IAC can be primary, occurring in patients with no
apparent break in the gastrointestinal epithelial continuity (e.g., peri-
tonitis due to dialysis catheter), or secondary, occurring in patients with
a break in the gastrointestinal continuity resulting in contamination of
the abdominal cavity with gastrointestinal contents (e.g., after accidents
or surgery) (Azim et al., 2017). The main difference between the two
forms of peritonitis observed in IAC is the presence of fecal material,
which is exclusive to secondary peritonitis. However, little is known
about whether the presence of fecal material can influence the severity
of Candida infection (Andrade et al., 2021; Lima et al., 2019, 2022).
Furthermore, despite the clinical importance of IAC, its pathogenesis has
not been well elucidated. Mouse models of IAC have been developed, but
they have not been widely used to study the full spectrum of infection
and have limitations in determining the fungal boundary after perito-
neal infection (Cheng et al., 2013). The most commonly used method for
quantifying fungal burden in mice tissues is based on plating and
counting colonies on Sabouraud-dextrose agar, which is not suitable for
accurate detection and quantification of fungal burden at early stages of
infection (Costa et al., 2018).

In this context, nuclear techniques are a promising tool for assessing
fungal infections, especially in the early stages of the disease. Several
groups have successfully radiolabeled bacteria of medical interest, such
as Escherichia coli (Diniz et al., 1999; Eaves-Pyles et al., 2000), Staphy-
lococcus aureus (Ardehali and Mohammad, 1993), Staphylococcus epi-
dermidis (Ardehali and Mohammad, 1993), and Pseudomonas aeruginosa
(Ardehali and Mohammad, 1993) and used these microorganisms as
models to study various aspects of the host-parasite relationship. In most
studies, technetium-99 m was used as a radionuclide since it has ideal
physicochemical properties for labeling and use in biological systems
(Kane and Davis, 2021). Indeed, 99 mTe ig very versatile as it can react
with various molecules and produce scintigraphy images of high sensi-
tivity (Andrade et al., 2021; Diniz et al., 2005; Kane and Davis, 2021).

Despite the advantages of nuclear techniques in the study of infec-
tious diseases, to the best of our knowledge, there is only one study that
used this methodology to investigate fungal infections (Costa et al.,
2018). Costa et al. (2018) efficiently radiolabeled cells of Cryptococcus
gatti with °° ™Tc without affecting the viability of the pathogen. Inter-
estingly, the use of °° ™Tc-C. gattii allowed the assessment of brain tissue
invasion by the fungus (positivity 6 h post-infection) earlier than the use
of cultures (positivity only 24 h post-infection) (Costa et al., 2018).
Given the advantages of nuclear techniques for studying fungal patho-
genesis, our goal was to standardize the conditions for radiolabeling
C. albicans with °° ™Tc and use this microorganism as a model to study
the effects of fecal material on the prognosis of IAC.

2. Material and Methods
2.1. Reagents

Nystatin (Fragon, Sao Paulo, SP, Brazil), miconazole (Pharma Nostra,
Rio de Janeiro, RJ, Brazil), fluconazole (Sigma-Aldrich, San Francisco,
CA, USA), itraconazole (Prati-Donaduzzi, Toledo, PR, Brazil), crystal
violet, 95 % ethanol, sodium chloride (NaCl), glutaraldehyde (Synth,
Sao Paulo, SP, Brazil), stannous chloride dihydrate (SnCly-H,0) (Sigma-
Aldrich, Frankfurt, HE, Germany), fetal bovine serum (Gibco, Thermo-
Fisher Scientific, Los Angeles, CA, USA), and glucose (Inlab, Sao Paulo,
SP, Brazil) were purchased from commercial suppliers and used without
additional purification. Sabouraud-dextrose broth (SDB) and sabouraud-
dextrose agar (SDA) were purchased from Kasvi (Sao José do Pinhais,
PR, Brazil). Sodium pertechnetate (Na99 ™TcQ4) was obtained by elution
from a *°Mo/*° ™Tc generator (Ipen, Sao Paulo, SP, Brazil) with sterile
saline solution.

Polyvinyl chloride (PVC) urethral catheters (Embramed®; Sao Paulo,
SP, Brazil) were obtained from stores specialized in hospital-medical
supplies.
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2.2. Microorganism

C. albicans SC5314 (ATCC MYA-2876) was used in this study. This
strain is originated from the American Type Culture Collection (ATCC)
and was kindly provided by the Reference Microorganisms Laboratory of
the Oswaldo Cruz Foundation (FIOCRUZ; Rio de Janeiro, RJ, Brazil).
The yeast was cultured on SDA at 37 °C for 48 h prior to the tests. For all
experiments, yeast cells were suspended in sterile saline pH 7 (NaCl 0.9
% w/v), and the inoculum was adjusted in a spectrophotometer to ~ 107
colony-forming units (CFU) per mL (optical density at 530 nm — ODs3q
am: 0.700-0.800; Bio-Tek Instruments, New York, NY, USA).

2.3. Candida albicans radiolabelling

Initially, the best experimental conditions for radiolabeling of
C. albicans with °° ™Tc were determined. For this, the optimal concen-
tration of the reducing agent (SnCly.2H50), which is necessary to reduce
the °° ™TcO7 ion to lower oxidation states, making it reactive, and the
suitable incubation time were investigated. Briefly, yeast suspensions at
~107 CFU/mL in triplicate were incubated with variable concentrations
of SnCl,.2 H,0 (0, 50, 100, 150, and 200 uM in 0.25 N HCI) for 10 min at
37 °C. Then, 18.5 MBq (500 pCi) of Na”® ™TcO4 was added to the so-
lution, followed by incubation at 37 °C for 10, 20, or 30 min and
centrifugation at 3000 g for 25 min (CralTech, Cotia, SP, Brazil). Further,
100 pL of the supernatant was collected, and the rest discarded. One mL
of sterile saline was added to the pellet, which was homogenized, and
100 pL was collected. The radioactivity of the supernatant and precipi-
tate was determined by Wizard Gama Counter (Perkin-Elmer, Turku,
Finland), and the procedure was repeated twice. Finally, the percentage
of ° ™Tc incorporated into the fungal cells (precipitate) was determined
from values of counts per minute (CPM) using the Eq. 1:

% %° ™Tc-Candida albicans = [CPM (Precipitate)/CPM (Precip-
itate+Supernatant)] x 100 D

2.4. % ™Tc-Candida albicans stability

The stability of the °° ™Tc-C. albicans complex was investigated by
incubation of the radiolabeled microorganism at 37 °C in saline for 0,
24, 36, 48, 60, e 72 h, followed by the determination of the percentage of
radiolabeling at each time interval (Eq. 1) (Costa et al., 2018; Diniz
et al., 1999).

2.5. Fungal viability of °° ™Tc-Candida albicans

2.5.1. Viable cell load

The number of viable cells was determined to investigate the impact
of radiolabeling on the viability of C. albicans (Costa et al., 2018).
Briefly, aliquots (100 uL) were taken from the fungal suspensions after
the last wash, serially diluted in sterile saline (1 0_1—10_6), spread into
the surface of a solid culture medium (SDA) and incubated at 35 + 2 °C
for 48 h. Then, the colonies were counted, and the results were
expressed as CFU/mL. The fungal load of radiolabeling cells was
compared to unlabeled C. albicans.

2.5.2. Growth curve

A growth curve assay was performed to assess the radiolabeling ef-
fects on the viability of C. albicans in the function of time (Machuca
et al., 2016). Aliquots of 100 uL of the radiolabeled yeast suspension at
~107 CFU/mL were added to wells containing 100 uL of SDB. The plates
were incubated at 35 + 2 °C for 48 h, and the optical density (OD) at
600 nm was determined in several time intervals (1, 2, 3, 4, 5, 6, 24, and
48 h) using a microplate reader (Bio-Tek Instruments, New York, NY,
USA). Finally, the results of the growth curve of radiolabeling yeast were
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graphically expressed as a function of ODggg nm VS. incubation time and
compared to the growth curve of unlabeled cells.

2.6. Structural analysis of °° ™Tc-Candida albicans

Fungal cell structure after radiolabeling was evaluated by light mi-
croscopy and scanning electron microscopy.

2.6.1. Gram staining

Light microscopy analysis was performed in cells stained with the
Gram technique. A suspension of technetium-labeled cells was centri-
fuged and the precipitate fixed on a glass slide with heat. After fixation,
the material was exposed to crystal violet (1 min), lugol (1 min), abso-
lute alcohol (0.5 min), and fuchsin (1 min). The slides were washed with
running water between each staining step. After the procedure, the
slides were evaluated under optical microscopy (Nikon TE 2000-U
Eclipse, Tokyo, Japan) at 1000x magnification. The structure of the
labeled cells was visually compared to the structure of the unlabeled
yeast.

2.6.2. Scanning electronic microscope

One milliliter (1 mL) of a suspension of 99 mT¢_radiolabeled and non-
radiolabeled C. albicans was diluted in sterile saline and centrifuged at
12,000 g for 5 min. The pellet was resuspended in 1 mL of saline and
centrifuged. Next, 15 pL of cell suspension was added to an aluminum
stub and allowed to wet at 37 °C for 30 min. Then, the yeasts were fixed
with a solution containing 2.5 % (v/v) glutaraldehyde for 3 h at room
temperature. The material was dehydrated in a graded ethanol series (70
%, 90 %, and 100 % v/v; 30 min in each solution), and the samples were
dried in a desiccator containing silica gel overnight. The stubs were
coated by sputtering with a 10 nm layer of gold and visualized using a
scanning electron microscope (Jeol JSM-6010Plus/LA®, Zeiss®, Ober-
kochen, West Germany).

2.7. %° ™Tc-Candida albicans biofilm formation

2.7.1. Microplate assay

The effect of radiolabeling on the biofilm formation of C. albicans was
evaluated by the crystal violet method (Andrade et al., 2021). A yeast
suspension with a cell density of ~10” CFU/mL was prepared in sterile
saline using radiolabeled or non-radiolabeled cells. Then, 100 uL was
transferred to 10 mL of SDB supplemented with 100 mM glucose. 100 pL
of the resulting suspension was pipetted into sterile 96-well microplates,
which were incubated at 37 °C for 24, 48, and 72 h to allow biofilm
formation. After the incubation period, the biofilms were revelated with
0.1 % w/v crystal violet solution, diluted with absolute ethanol, and the
ODsgs5 nm of wells was determined in a microplate reader (Bio-Tek In-
struments, New York, NY, USA).

2.7.2. Urethral catheter assay

Biofilm formation on sterile catheter segments was conducted ac-
cording to Sousa et al. (2019) One centimeter (1 cm) sterile PVC urethral
catheter segments were immersed in tubes containing a radiolabeling or
non-radiolabeling C. albicans suspension at ~10” CFU/mL in SDB sup-
plemented with 100 mM glucose. The tubes were incubated at 35 + 2 °C
for 48 h to allow biofilm formation on the catheter surface. Then, the
yeast cultures were discarded, and the catheter segments were trans-
ferred to tubes with 5 mL of sterile saline and remained under shaking
for 30 min. The segments were removed with sterilized dissection for-
ceps, transferred to another tube containing 5 mL of sterile saline, and
sonicated for 5 min at 40 KHz (Soniclean, New York, NY, USA). The
samples were then homogenized, and 100 pL aliquots were serially
diluted (107! —~1079) in sterile saline and plated onto SDA. The plates
were incubated at 35 4 2 °C for 48 h, and the CFU/cm of the catheter
was determined by colony counting.
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2.8. Yeast-to-Hyphae transition of °° ™Tc-Candida albicans

The effect of radiolabeling on the yeast-to-hypha transition of
C. albicans was also evaluated. Hyphae induction was conducted by
incubating radiolabeled and non-radiolabeled C. albicans in microplates
containing FBS at 50 % v/v. Posteriorly, the microplates were incubated
for 24, 48, and 72 h at 35 + 2 °C, and the hypha formation was observed
by a light microscope (Nikon TE 2000-U Eclipse, Tokyo, Japan) with a
magnification of 400x (Andrade et al., 2021).

2.9. Antifungal susceptibility

To assess whether radiolabeling alters the susceptibility of C. albicans
to antifungal agents, the activity of four compounds (i.e., nystatin, mi-
conazole, fluconazole, and itraconazole) was determined by the broth
microdilution method, as described by the document M27-A2 of the
Clinical Laboratory Standard Institute (CLSI) (Clinical and Laboratory
Standards Institute, 2017). The antifungals were two-fold serial diluted
(0.5-32 pg/mL) in microplates containing SDB. Subsequently, 100 uL of
a radiolabeling or non-radiolabeling C. albicans inoculum (~10°
CFU/mL) prepared in sterile saline were added to each well. The plates
were incubated at 35 + 2 °C for 48 h, and the minimum inhibitory
concentration (MIC) of the compounds was defined as the lowest con-
centration of antifungals that inhibited the visible growth of the yeast
(Andrade et al., 2021).

2.10. In vivo assay

2.10.1. Animals

Female Swiss mice (6-8 weeks old) were housed under specific
pathogen-free (SPF) conditions in polyethylene cages with eight mice
per cage, at a temperature of 25 + 2 °C, a light-dark cycle of 12/12 h,
and received water and commercial food (Nuvilab®, Colombo, PR,
Brazil) ad libitum. All experimental protocols rigorously followed the
international norms of animal management, and the protocols were
approved by the Animal Experimentation Ethics Committee of the
Universidade Federal de Minas Gerais (Protocol 121,/2021).

2.10.2. Intra-abdominal candidiasis induction

An JAC model was induced in immunosuppressed mice according to
Lima et al. (2019), with modifications. Mice received an intraperitoneal
(i.p.) injection of dexamethasone (Teuto, Curitiba, PR, Brazil) at 10
mg/Kg/day for nine consecutive days. On the seventh day, the animals
were infected by intraperitoneal injection with 0.2 mL of *°
MTe-C. albicans suspension (~107 cells/mL) prepared in sterile saline
with (n = 15) or without (n = 15) mouse feces. Feces from uninfected
mice were ground in a tissue grinder, suspended in normal saline to form
a 5 % weight/volume mixture, and sterilized in a steam autoclave (15
min, 200 kPa, 120 °C) (Cheng et al., 2013). IAC was confirmed by
peritoneal lavage culture, which has a maximum fungal load 48 h
post-infection (Lima et al., 2019, 2021).

2.10.3. Biodistribution of °° ™Tc-C. albicans

The biodistribution assay was performed to test the dynamics of the
distribution of °® ™Te-C. albicans in mice after IAC with and without fecal
material. After 24, 48, and 72 h of infection, the blood, brain, lungs,
liver, spleen, heart, and stomach were collected, weighed, and the
radioactivity was measured in a Wizard Gama Counter (Perkin-Elmer,
Turkuy, Finland) (Costa et al., 2018). The results were expressed as the
percentage of injected dose (%ID) by the weight (in g) of each tissue
evaluated. To compare the performance of classic and nuclear methods,
the fungal load in all tissues was also determined by plating on SDA
supplemented with 0.05 % chloramphenicol. A semi-quantitative
method was used in the culture assay, with the fungal load defined as
Absent (0), when no visible colonies were detected in the culture me-
dium; Low (1), when less than 10 colonies were identified in the culture
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medium; Moderate (2), when 10-100 colonies were identified in the
culture medium; and High (3), when more than 100 colonies were
identified.

2.11. Statistical analysis

All in vitro experiments were performed in triplicate in different
days, with three replicates in each test. Data normality was confirmed by
the Shapiro-Wilk test and represented as the mean+tstandard deviation,
when necessary. The in vitro assays were evaluated by One-Way ANOVA
followed by Tukey’s or Dunnett post-test to multiple comparations or
Students t-test for comparations between two groups. For the Dunnett
post-test, the saline group was used as the control group in all analyses.
The data from the in vivo experiments showed non-gaussian distribution
in the Shapiro-wilk test, and the results were expressed as the median
and interquartile range when necessary. The differences in the bio-
distribution assay and the fungal load in tissues of mice infected with
fecal material and mice infected without fecal material were determined
by the Mann-Whitney test. All statistical analyses were assessed using
GraphPad Prism 5.03 (GraphPad Software Inc., LaJolla, CA), and p
values < 0.05 were considered statistically significant.

3. Results
3.1. Standardization of radiolabelling conditions

Initially, the conditions for the radiolabeling procedure of C. albicans
with °° ™Tc were optimized. As shown in Table 1, 100 pM of the
reducing agent SnCly.2 Hy0 was the lowest concentration that showed
higher labeling efficiency before washing (84.11 + 1.79 %). Therefore,
it was used as the standard conditions for further studies. Regarding the
incubation time with the radionuclide, no difference was observed be-
tween the studied intervals (10, 30, and 60 min) (Table 2), and 10 min
was chosen as the standard incubation time. In conclusion, incubation of
C. albicans with 100 uM SnCl,.2 H50 for 10 min at 37 °C, followed by the
addition of 18.5 MBq °° ™Tc, ensured an efficient labeling of yeast
greater than 99% after two washes with saline. Therefore, these condi-
tions were standardized and used in subsequent analyses.

3.2. Stability of °° ™Tc-Candida albicans

As shown in Table 3, the binding of technetium-99 m to C. albicans
cells was significantly stable. Even after 72 h, a labeling efficiency of
more than 99 % was observed.

3.3. Viability of ® ™Tc-Candida albicans

The viability of C. albicans was assessed using the radiolabeling
protocol with °° ™Te. First, the fungal load was determined using the
limited dilution method. This assay showed that only the cells exposed

Table 1
Effect of different concentrations of the reducing agent (SnCl,.2H,0) on the
labeling efficiency of Candida albicans with technetium-99 m.

SnCl,.2H,0 (uM) % of radioactivity in Candida albicans

Before the washes After the washes

1 2
0 6.41 + 1.28° 3.98 + 1.30° 9.26 + 1.10°

50 69.80 + 10.99" 98.55 + 0.19° 99.38 + 0.29°
100 84.11 + 1.79>¢ 99.13 + 0.35° 99.36 + 0.14°
150 94.15 + 5.41° 98.12 + 1.74%¢ 99.38 + 0.16°
200 91.57 + 5.01¢ 99.55 + 0.23¢ 99.51 + 0.26°

Data normality was confirmed by the Shapiro-Wilk test. Analysis of variance
(ANOVA) followed by Tukey’s post-test was performed. Different letters repre-
sent statistically relevant differences (p-value<0.05)
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Table 2
Influence of incubation time on the yield of Candida albicans labeling with
technetium-99 m.

Time (min) % of radioactivity in Candida albicans
Before the washes Before the washes
1 2
10 82.01 + 10.30* 99.05 + 0.84° 99.47 + 0.14*
30 82.03 £7.12° 98.90 + 0.63" 99.60 + 0.12*
60 89.04 + 8.28% 99.57 + 0.17% 99.67 + 0.08%

For the execution of the present test, a solution of stannous chloride
(SnCl2.2H20) at 100 pM was used. Data normality was confirmed by the
Shapiro-Wilk test. Analysis of variance (ANOVA) followed by Tukey’s post-test
was performed. Different letters represent statistically relevant differences (p-
value <0.05)

Table 3
Stability of Candida albicans radiolabelled with 99 m-technetium.

Time (h) % of radioactivity in C. albicans
0 99.37 + 0.23*
24 99.98 + 0.017
36 99.96 + 0.03*
48 99.39 + 0.46"
60 98.90 + 0.79*
72 99.46 + 0.16*

Data normality was confirmed by the Shapiro-Wilk test. Analysis of
variance (ANOVA) followed by Tukey’s post-test was performed.
Equal letters represent statistically non relevant differences (p-
value > 0.05)

to the reducing agent (SnCly.2 Hy0) alone presented impaired cell
viability (Fig. 1A). Then, the growth curve assay was performed to check
the effect of radiolabeling procedures as a function of time. As shown in
Fig. 1B, there was no statistical difference in the growth of the labeled
fungal cells compared to unlabeled cells over 48 h. Only C. albicans
exposed to the reducing agent (SnCly.2H50) showed decreased growth
(ODggo nm after 48 h: SnCl,.2 Hy0: 0.26 + 0.03 vs. saline: 1.21 + 0.7;
p<0.0001).

3.4. Cellular morphology of °° ™Tc-Candida albicans

To examine whether the incorporation of * ™Tc into the cell struc-
ture of C. albicans affects its morphology, we analyzed labeled and un-
labeled cells by light microscopy and scanning electron microscopy
(SEM). Gram staining showed that radiolabeling does not alter
C. albicans morphology, as both cells are oval and purple-stained (purple
crystal is preserved) (Fig. 2). A large amount of eosinophilic material
was detected in the cells labeled with °® ™Tc, possibly due to the pres-
ence of the reducing agent (SnCly.2 H20) that usually precipitates after
oxidation by the technetium. SEM analyses (Fig. 2) confirmed the Gram
staining results and demonstrated that the ultracellular structure of
C. albicans remains unchanged after radiolabeling.

3.5. Biofilm formation ability by *° ™Tc-Candida albicans

One of the most important virulence factors of C. albicans that affects
human health is the ability of this pathogen to form biofilms. To test
whether radiolabeling with °° ™Tc affects the ability of this yeast to form
biofilms, we examined the amount of biofilm formed using the crystal
violet assay. As shown in Fig. 3, radiolabeling does not alter the amount
of biofilm formed after 24 and 48 h of incubation compared to unlabeled
cells. Interestingly, the cells exposed only to the reducing agent
(SnCl,.2 Hy0) formed an increased amount of biofilms after 24 and 48 h
compared to the unexposed cells. However, after 72 h of incubation,
when the biofilm reaches its greatest biomass, the cells exposed to *° ™Tc
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Fig. 1. Determination of the viability of °® ™Tc-Candida albicans. A - Evaluation of the fungal load by the limiting dilution assay of a suspension of C. albicans exposed
to different conditions used for radiolabeling of yeasts with technetium-99 m. Different letters represent statistically relevant differences (p-value <0.05). This
experiment was analyzed by One-way ANOVA with Tukeys post-hoc test. B - Growth curve over 48 h of C. albicans exposed to different conditions used for radi-
olabeling of yeasts with technetium-99 m. Three asterisks (***) indicate statistically different compared to the saline group with p < 0.0001. This experiment was
analyzed by One-way ANOVA with Dunnett post-hoc.
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Fig. 2. Cell structure of Candida albicans labeled and unlabeled with technetium-99 m analyzed by light microscopy after Gram staining and scanning elec-
tron microscopy.

have a significantly lower amount of biofilm than the non-exposed cells density for °° ™Tc-C. albicans (C. albicans: 5.987 + 0.09 Logio CFU/cm
(Fig. 3C). Confirming these results, the determination of fungal load in vs. °™Tc.C. albicans: 4.758 + 0.23 Log1oCFU/cm; p <0.0001) (Fig. 4),
biofilms established in a bladder catheter showed significantly lower cell suggesting that gamma radiation emitted by technetium impairs the



W.G. Lima et al. Microbiological Research 263 (2022) 127132
A B C
0.8 0.8 0.8 .
0.7 0.7 o7 T i
0.6 0.6 0.6
Eo05 €05 £05 . b
3 3 3
Soa S04 b Soa
O o3 . O o3 : 2 2 O o3
02] == z 0.2 0.2
0.1 0.1 0.1
0.0 0.0 0.0
s [o) < [¢] @ (o] o o <2 o o o
fo">\° '132& ‘9@« ’f«b i fo&\o ‘iz‘ v ‘2’%@« 'f«b v fo'b\\o "1‘3‘ v ‘9&& ’1’3‘ v
o o o o o o
23 &L 2 2 2 &L
O O O
09&« q‘z‘é\& fbg&«

Fig. 3. Biofilm biomass formed by Candida albicans exposed to different conditions used for radiolabeling of yeasts with technetium-99 m after 24 h (A), 48 h (B) and
72 h (C) of incubation at 35 + 2 °C. Different letters represent statistically relevant differences compared to the saline group (p-value <0.05). This experiment was

analyzed by One-way ANOVA with Tukeys post-hoc test.

7
64 — -
o 4]
(@)
o
> 3
o
- 24
1
0 v
< o
" (,‘7’0 : (,’bo
o O
> >
c,o c;c,.
csq@&

Fig. 4. Fungal load of Candida albicans and °° ™Tc-Candida albicans biofilms
formed on the surface of a PVC urethral catheter. Three asterisks (***) indicate
statistically different compared to the saline group with p < 0.0001. This
experiment was analyzed by Students t-test.

ability of C. albicans to form biofilms.

3.6. Filamentation of °° ™Tc-Candida albicans

C. albicans is a dimorphic fungus that can be found as oval yeast cells
or elongated hyphae. It is more virulent in the hyphal form and is
commonly associated with superficial and systemic infections. To
determine whether labeling with °° ™Tc affects the ability of C. albicans
to transition from yeast to hyphae, we examined the filament formation
induced by fetal bovine serum. As shown in Fig. 5, radiolabeling did not
affect the ability of C. albicans to form true hyphae, and the morpho-
logical transition was observed in all groups studied and at all times.
Interestingly, the number of hyphae in the first 48 h was higher in cells
exposed only to the reducing agent (SnCly-H20), confirming the results
of the biofilm assay (Figs. 3A and B).

3.7. Susceptibility of *° ™Tc-Candida albicans to antifungal agents

The antifungal activity of azoles (miconazole, itraconazole, and
fluconazole) and the polyene nystatin was determined against labeled
and unlabeled cells to determine whether technetium-99 m binding

alters C. albicans susceptibility. Table 4 shows that the MICs of the
antifungal agents were not altered by °° ™Tc radiolabeling.

3.8. Use of % ™Tc-Candida albicans in a murine IAC model

To test the feasibility of using °° ™Tc-Candida albicans as a model to
study aspects of the pathophysiology of invasive infections, an IAC
model was performed, and the biodistribution of this microorganism
was determined after i.p. injection with and without mouse feces using
nuclear techniques. As shown in Fig. 6, the biodistribution assay
revealed that the spleen was the main target organ of IAC and the
presence of fecal material affected the spread of C. albicans in this organ
after 24 h (without mouse feces: 1.39 (0.59-2.16) vs. with mouse feces:
0.45 (0.32-0.47)), 48 h (without mouse feces: 5.34 (4.34-6.64) vs. with
mouse feces: 0.31 (0.29-0.33), and 72 h (without mouse feces: 1.65
(1.44-1.81) vs. with mouse feces: 0.77 (0.54-1.40) of infection.
Furthermore, there was a significant difference in the amount of *° ™Tc-
C. albicans in the liver, kidney, stomach, and heart of animals with fecal-
induced IAC at 48 h post-infection, but not at 24 and 72 h, compared to
mice that received the pathogen diluted in saline. Interestingly, a low
radioactivity uptake was detected in the blood of both groups of animals
(i.e., with and without fecal material) at the first time points evaluated
(24 and 48 h), suggesting that the hematogenous route is not the most
important for the spread of the pathogen during IAC. However, after
72 h, there was a significant increase in radioactivity uptake in the
blood, heart, and brain, which could be related to the systemic impair-
ment of the animals.

3.9. Culture and determination of fungal load

Organs and tissues removed from animals with IAC were macerated
and seeded in SDA to assess the fungal load by classical methods. Table 5
shows that the behavior observed in the biodistribution test was
consistent with the microbiological findings in culture. Animals with
IAC induced in the absence of fecal material had higher fungal loads in
the spleen at all intervals evaluated (24, 48, and 72 h), similar to what
was observed in the biodistribution test. Moreover, no viable fungal cells
were recovered from the blood after 24 and 48 h of incubation, indi-
cating low hematogenous dissemination, as observed in the bio-
distribution study. The brain was the least affected organ by infection,
confirmed by the %ID/g data.

4. Discussion

Technetium-99 m is an artificial radionuclide obtained in generators
by the decay of molybdenum-99 (**Mo) (Payolla et al., 2019; Kane and
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Fig. 5. Yeast-to-hypha transition of Candida albicans cells exposed to different conditions employed in radiolabeling of yeasts with technetium-99 m.

Table 4
Minimum inhibitory concentration (MIC) of antifungals against °° ™Tc-Candida
albicans.

Antifungals MIC (pg/mL)
C. albicans 99mTc.C. albicans
Fluconazole 2 2
Miconazole 2 2
Intraconazole 1 1
Nystatin 4 4

The isolate evaluated (Candida albicans SC5314) is sensitive to all antifungals
tested according to the CLSI cut-off point (CLSI, 2017).

Davis, 2021). This radioactive element has several physicochemical
properties compatible with its use in biological systems, such as
reasonable half-life (T;2 = 6.01 h), emission of low-energy gamma ra-
diation (140 keV), extraction in a portable generator, lack of volatility,
and high reactivity with electron donor groups (e.g., -OH, -COOH, -NH2
and -SH) (Kane and Davis, 2021). These properties justify that *® ™Tc is
the most widely used radionuclide in nuclear medicine worldwide
(Payolla et al., 2019; Wilhelm et al., 1999). Furthermore, 99mTe has
been successfully used to label microorganisms of medical interest, such
as E. coli (Diniz et al., 1999) and C. gattii, (Costa et al., 2018) becoming
the most suitable for radiolabeling C. albicans.

99 MT¢ is obtained in the form of sodium pertechnetate (Na 99 MTcOy4)
in a °Mo/%° ™Tc generator, which has low reactivity. Therefore, to
obtain a good labeling yield, this nuclide must be reduced to lower
oxidation states (Kane and Davis, 2021). Reducing agents such as
stannous chloride dihydrate are used for this purpose. Determining the
stannous chloride concentration required for radiolabeling with °° ™Tc
is performed empirically for each system and is not a trivial task when
considering labeling microorganisms (Costa et al., 2018; Diniz et al.,
1999). In fact, SnCly.2H50 is toxic and mutagenic in yeast cells. In the
viability tests, we showed that stannous chloride reduces fungal load
and significantly impairs the replication of C. albicans (Fig. 1). Viau

(2005) confirmed our results and showed that stannous chloride has
toxic potential and significant mutagenic activity in various reversion
tests with Saccharomyces cerevisiae. The study indicates that DNA dam-
age is caused by reactive oxygen species generated by exposure to this
reducing agent (Viau, 2005). Interestingly, stannous chloride loses its
antimicrobial capacity after the addition of ®® ™Tc. This can be justified
by the fact that stannous chloride is oxidized to the Sn™* state in the
presence of the radionuclide and thus loses its ability to induce muta-
genesis and other toxic effects in the fungal cell (Kane and Davis, 2021;
Viau, 2005).

In order to determine the optimal amount of SnCl,.2H,0 that induces
the reduction of °° ™Tc without affecting the viability of the yeast, we
tested different concentrations of this agent. We showed that
SnClz.2H,0 at 100-200 uM (Table 1) has the highest efficiency for
radiolabeling. As for the incubation time with the radionuclide (99 mTe),
a period of 10 min showed the best labeling yield. Similar results were
reported by Diniz et al. (1999), who obtained more than 90 % labeling
efficiency for E. coli by using SnCl,.2H20 at 100 pM followed by incu-
bation with ® ™Tc for 10 min

The binding of C. albicans with °° ™Tc was stable for up to 72 h in this
study. Similar results were obtained for radiolabeling of C. gattii (Costa
et al., 2018) and E. coli (Diniz et al., 1999) with 99 ™Tc, demonstrating
stability for 24 and 36 h, respectively. Moreover, no change in cell
viability or structure was observed after radiolabeling of C. albicans,
which was also reported for other microorganisms (Costa et al., 2018;
Diniz et al., 1999). Therefore, these results confirm the success of radi-
olabeling C. albicans with %° ™Tc.

The virulence of C. albicans warrants its adaptability to a wide va-
riety of environments, making this pathogen capable of infecting
virtually any part of the human body (Staniszewska, 2020). For
99mTe.C. albicans to be used as a novel model to study invasive fungal
infections, radionuclide binding should not affect the virulence of the
pathogen. Although radiolabeling resulted in a reduction in the ability of
C. albicans to form biofilms, no impairment of the inherent filamentous
capacity of this pathogen was observed. The observation that C. albicans
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Fig. 6. Biodistribution of °® ™Tc-Candida albicans after intraperitoneal injection
with and without mouse feces. The data show the percentage of injected dose
per gram of organ (%ID/g) after 24, 48, and 72 h of infection. The data pre-
sented a non-Gaussian distribution as indicated by the Shapiro-Wilk test. The
results of each organ were compared using the Mann-Whitney test, and all
values were expressed as the median and interquartile range (Percentile 25-
Percentile 75). One asterisk (*) indicates statistically different with p < 0.05.
Two asterisks (**) indicate statistically different with p < 0.001.

is predominantly present in the hyphal form in the bloodstream and
peritoneal fluid of patients with candidiasis suggests that the transition
from yeast-to-hyphae is crucial for invasive infections (Centers for Dis-
ease Control and Prevention, 2020; Staniszewska, 2020). The estab-
lishment of candidemia in IAC, for example, is mainly related to the
enhanced ability of hyphae to penetrate the peritoneum and underlying
tissues and enter the bloodstream (Azim et al., 2017; Vergidis et al.,
2016). In addition, phagosome hyphal formation has been shown to
contribute to the ability of C. albicans cells to evade phagocytosis and kill
macrophages (Kornitzer, 2019). Therefore, the fact that radiolabeling
maintains the ability of the yeast to form true hyphae, makes

Microbiological Research 263 (2022) 127132

99MTc.C. albicans a promising tool for studying factors related to
host-parasite interactions in invasive fungal infection models.

Another potential application of radiolabeled microorganisms is the
evaluation of new experimental treatments or novel therapeutic pro-
tocols that combine conventional antifungal agents (Lima et al., 2021;
Scorzoni et al., 2017). For 99mre . albicans to be used for this purpose,
the sensitivity of this pathogen must remain unchanged after radio-
labeling. Our results show that °° ™Tc binding does not alter the sensi-
tivity of C. albicans to azoles and polyenes. This justifies the use of this
microorganism in studies aiming to investigate the pharmacological
properties of antifungal agents.

After standardization and in vitro characterization of °° ™Te-
C. albicans, we used this microorganism to study relevant aspects of IAC.
One of the least studied events of this infection is the role of fecal ma-
terial in the development and prognosis of the disease. Therefore, we
infected animals by i.p. injection with a suspension of °° ™Tc-C. albicans
prepared in saline or a sterile mouse fecal solution. The biodistribution
assay showed that the spleen and liver were the organs most affected by
the infection, confirming previous studies (Andrade et al., 2021; Lima
et al.,, 2019). Because they are components of the reticuloendothelial
system, the liver and spleen have a high density of resident immune cells
and are involved in the clearance of infectious agents that manifest in
invasive forms (Singh et al., 2020).

Notably, the fungal load in both assays (%ID/g and culture) was
higher in animals receiving °° ™Tc-C. albicans without fecal material,
suggesting that the presence of this component reduces the invasiveness
of the pathogen. Previous studies showed that fecal material increases
the formation of peritoneal abscesses in IAC models, whereas direct
injection of C. albicans produces peritonitis with few abscesses (Cheng
etal., 2014, 2013). The immune response involved in abscess formation
provides efficient containment and subsequent elimination of the
pathogen, thus impairing the invasion into extra-peritoneal organs
(Cheng et al., 2013). In this context, our study confirmed this observa-
tion by showing that the concentration of fungal cells in organs of the
abdominal cavity is significantly lower in animals exposed to fecal
material, especially after 48 h of infection.

This study showed that the radiolabeling of C. albicans with tech-
netium is a rapid, simple, and efficient method for investigating relevant
aspects of invasive fungal infections. Radiolabeling with °° ™Tc was not
only successfully performed but also did not affect the viability, sus-
ceptibility, and filamentation ability of C. albicans. Moreover, the use of
99MTc.C. albicans was able to elucidate aspects related to IAC, such as
the importance of the presence of fecal material in pathogenesis. In this
context, our study demonstrated that fecal material reduces the inva-
siveness of C. albicans after i.p. administration, probably by stimulating
the formation of abscesses that control the spread of infection.
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Table 5
Semi-quantitative determination of fungal load in mice organs with °° ™Tc-Candida albicans-induced intra-abdominal candidiasis with and without mouse feces.
Organ Fungal burden
24h 48 h 72h

Without mouse feces With mouse feces
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0 (0-1) 0 (0-2) 0 (0-0)
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0: when no visible colonies were detected in the culture medium; 1: when less than 10 colonies were identified in the culture medium; 2: when 10-100 colonies were
identified in the culture medium; 3: when more than 100 colonies were identified in the culture medium.
The data presented a non-Gaussian distribution as indicated by the Shapiro-Wilk test, and the results of each organ were compared using the Mann-Whitney test. One

asterisks (*) indicate statistically different with p < 0.05.
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