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Abstract

In this work, we present the efficacy of photodynamic therapy against yeast cells in an animal model. We tested two photosen-
sitizers, methylene blue and protoporphyrin IX. Thirty-seven female BALB-c mice with a body mass of 20-25 g were used. To
achieve persistent vaginitis, estrus was induced by subcutaneous injection of 0.1 mg/mL estradiol valerate applied weekly. Three
days after pseudo-estrus, intravaginal inoculation with Candida albicans was performed. Mice were anesthetized with ketamine
(80 mg/kg) and xylazine (10 mg/kg) by intraperitoneal injection before inoculation, and antimicrobial photodynamic therapy
(aPDT) was performed 5 days after fungal inoculation. Two photosensitizers were tested, methylene blue (MB; 100 uM) and
protoporphyrin IX (PpNetNI; 10 uM). Two custom-made LEDs emitting light at 660 and 630 nm at approximately 800 mW each
were used for irradiation. The aPDT treatment reduced the fungal colony-forming units (CFUs) by one order of magnitude for the
MB (p =0.020) and PpNetNI (p = 0.018) photosensitizers. Seven days after the treatment, there were significantly fewer CFUs
compared to the control group (p = 0.041 and p = 0.035 for MB and PpNetNI, respectively), but this was not increased compared
to the initial number immediately after aPDT. Using aPDT as a therapeutic option to decrease fungal infection in a vaginal
candidiasis model resulted in a significant reduction in the C. albicans population. Both photosensitizers were effective for
preventing reinfection within 7 days. The aPDT also had no effect on the vaginal mucosa at the ultrastructural level. In addition to
the fungicide effect, we observed reduced swelling and lack of the formation of abscesses, microabscesses coating the cornified
epithelial layer, and the accumulation of neutrophils in the submucosa.
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Introduction

Vulvovaginal candidiasis (VVC) is a superficial infection
caused by species of Candida. 1t affects millions of women
every year. Although Candida albicans is the main cause of
VVC (85-90%), the identification of non-Candida albicans
Candida (NCAC) species, such as C. glabrata, C. krusei, C.
tropicalis, and C. parapsilosis, is increasing [1].
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Vulvovaginal candidiasis affects around 75% of women of
childbearing age at least once in their lifetime, and of these
women, half will experience a second episode [2]. Patients
usually report soreness, vaginal redness, dysuria,
dyspareunia, and burning, often accompanied by vaginal dis-
charge [3, 4]. VVC is considered one of the most neglected
diseases in scientific research, as well as in medical history.
Problems associated with antifungal effectiveness, drug safe-
ty, and microbial resistance limit the treatment of this fungal
infection. The azole family has been used for the treatment of
candidemia and localized Candida infection. Fluconazole
acts on the molecular target 14-alpha-demethylase, a P450
enzyme, which is responsible for cholesterol production in
mammalian liver cells. The adverse effects of azoles are re-
lated to blocking the activity of these enzymes, and conse-
quently, high liver toxicity [5].
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The current limitations of drugs for the treatment of vaginal
candidiasis, combined with the prevalence of the infection,
reinforce the need for different treatment approaches for
symptomatic patients. Antimicrobial photodynamic therapy
(aPDT) represents a potential new therapeutic adjuvant option
that works by inactivating Candida cells using light of a cer-
tain wavelength and nontoxic photosensitizers (PS).

Antimicrobial photodynamic therapy is based on the inter-
action of harmless low-intensity visible light with a nontoxic
dye (e.g., methylene blue) in the presence of oxygen. Lasers
(most common light source) and light-emitting diode (LED)
can present emissions in the range from 580 to 680 nm.

The effectiveness of aPDT depends on the right combina-
tion of PS and irradiation parameters [6]. At least four param-
eters must be considered in this interaction: low or no toxicity
of the PS, efficiency bringing singlet oxygen, cell membrane
permeability, and fast elimination of the PS after treatment.

Photodynamic therapies recently received FDA approval
for ophthalmologic (treatment for age-related macular degen-
eration) [7].

In this work, we present an in vivo model to determine the
effect of certain irradiation parameters on fungal yeast cells.
Two different PS were used, PpNetNI (a cationic derivate of
protoporphyrin IX) and methylene blue (MB).
Microbiological analyses were performed to compare the in-
activation of fungal cells on the day of treatment and 7 days
after. Vaginal samples were collected to compare the histolog-
ical and inflammatory effects at these two timepoints.

Materials and methods

Candida albicans (ATCC 90028) were grown on Saboraud
dextrose agar (Acumedia® Lot 105961B expiry May 2017)
under aerobic conditions for 24 h before the experiment. Cells
were suspended in phosphate-buffered saline (PBS) and then
inoculated intravaginally.

Photosensitizers

Two PS were tested: MB and PpNetNI. Figure 1 shows the
absorption spectra of both. The preirradiation time for both
photosensitizing agents was 10 min [8].

Animal model

The vulvovaginal candidiasis murine experimental model
adopted in this study was previously described by Fidel in
2008 [9]. The Ethics Committee of Universidade Nove de
Julho (protocol number 00025/2013) approved this work.
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Fig. 1 Spectra of the photosynthesizers used in this experiment

Thirty-seven female BALB-c mice with a body mass of
20-25 g were used in this study. All animals were housed
under a 12-h light/dark cycle and had ad libitum access to
food and water To achieve persistent vaginitis, we induced
estrus by the subcutaneous injection of 0.1 mg/mL estradi-
ol valerate. Vaginal inoculation of C. albicans was per-
formed 3 days after pseudo-estrus with approximately
1 x 10° yeast cells in 50 mL of PBS. Mice were anesthe-
tized with ketamine (80 mg/kg) and xylazine (10 mg/kg)
by intraperitoneal injection before inoculation (Fig. 2) and
treatment [10]. Treatment with aPDT was performed 5 days
after fungal inoculation.

Fig. 2 Images showing a Candida inoculation, b photosensitizer (or
phosphate-buffered saline) inoculation, ¢ intravaginal laser irradiation,
and d transabdominal LED irradiation
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Animals were divided into three groups. One group was
treated with MB, one with PpNetNI, and a control group.
Animals in the control group were inoculated with 50 pL of
PBS inside the vagina (Fig. 1b) and left untreated. After the
Candida infection, we performed a vaginal wash for microbi-
ological analysis on day 0 (»=28) and on day 7 (n=7). The
vaginal canals of control mice that were euthanized on day 0
were removed for analysis.

Animals in the MB group were inoculated with 50 pL of
100 uM MB solution inside the vagina (Fig. 1b), then irradiated
with a laser at 660 nm. The laser head was directed at the
entrance of the vaginal canal. On day 0, immediately after treat-
ment, a vaginal wash was performed for microbiological anal-
ysis and the vaginal canal was removed for histological analy-
ses (n = 6). Five other animals were kept alive until day 7, when
a vaginal wash was performed for microbiological analysis.

Mice in the PpNetNI group were inoculated with 50 puL of
10 uM PpNetNI solution inside the vagina (Fig. 1b) and irra-
diated with a LED at 630 nm. Due to the size of the LED head,
the irradiation for this group was transabdominal. After the
treatment on day 0, we performed a vaginal wash for micro-
biological analysis and removed the vaginal canal for histo-
logical analyses (n=6). Five other animals were kept alive
until day 7, when a vaginal wash was performed for microbi-
ological analysis.

Irradiation parameters

Due to the different absorption spectra of the PS (Fig. 1),
different irradiation sources were used. A laser emitting at
660 nm was used for the MB group and, due to the lack of a
commercial laser, a custom LED emitting at 630 nm was used
for the PpNetNI group. The effect of aPDT is reliant on expo-
sure time, and a longer irradiation time is more likely to inac-
tivate the microorganism. The treatment of C. albicans vagi-
nitis by aPDT in an animal model has previously been report-
ed with 360 s of irradiation. In an attempt to increase the
photodynamic effect, the irradiation time was doubled in com-
parison to these previous studies [11, 12]. The irradiation pa-
rameters are listed in Table 1.

Figure 2 shows the process of inoculation with C. albicans
and the PS. We inserted the laser head into the vaginal canal to
deliver the light; however, as the LED head was too large, LED
irradiation was performed transabdominally, as shown in Fig. 1.

The longer optical path of the LED photons is partially
compensated by its higher power.

Microbiological analysis

A vaginal wash with 50 pL PBS was performed to recover the
yeast. The sample was serially diluted in PBS to achieve 10~
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Table 1 Irradiation parameters
Parameters Laser LED
Center wavelength (nm) 660.52 626.37

Spectral bandwidth (FWHM) (nm) 0.71 17.4

Operating mode Continuous wave

Average radiant power (mW) 84 335
Polarization Random

Aperture area (sz) 0.01 2.84
Irradiance at aperture (mW/em?) 8400 118
Target area (cm?) 0.01 2.84
Irradiance at target (mW/em?) 8400 118
Exposure duration (s) 720 720
Radiant exposure (J/cm?) 6048 85
Radiant energy (J) 60.48 2412
Application technique Vaginal entrance Trans- abdominal
Number of treatment sessions 1

Total energy irradiance (J) 60.48 241.2

to 10> of the original concentration; then, 10 uL of each group
was streaked onto Sabouraud chloramphenicol agar plates
(Acumedia®) in triplicate and incubated at 37 °C for 24 h.

Histomorphometrical analysis

The vaginal canal was removed for analysis. Longitudinal
sections were cut, fixed, and then stained with hematoxylin
and eosin (H&E). Additional histological sections were
stained with periodic acid Schiff (PAS) in order to observe
C. albicans perfusion in the epithelial layers.

A 2-um longitudinal section of the vagina (from the
vulva to the cervix) was analyzed to identify any micro-
structural changes. The neutrophil influx scores are pre-
sented in Table 2.

Statistical analysis

The colony-forming units (CFU) presented a log-normal
distribution as analyzed by the Shapiro-Wilk test (p >
0.05). A one-tailed ¢ test was used for analysis, and a
difference was considered if the number of CFU deter-
mined for the groups that received aPDT was less than
the control group. To maintain the global significance
level at «=0.05, all p values were corrected by the
Hyan-Holm stepdown Bonferroni procedure. The histo-
logical scores were statistically analyzed using the
Mann-Whitney test.
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Table 2 Scoring of

microstructural changes Score  Neutrophilic influx Microstructural changes
0 No neutrophils present. No change. Well-defined circular blood vessels,
submucosal fibroblasts are layered.
1 Mild. Presence of 1-10 neutrophils in the lumen, Moderate change. Vessels are constricted or
and 1-5 microabscesses in the epithelial layer. oval-shaped from edema, fibroblasts are
arranged chaotically.
2 Moderate. Numerous neutrophils are presentinthe ~ Severe change. Depletion of fibroblasts, necrosis
lumen, along with numerous microabscesses, in the submucosa.
and neutrophils in the submucosa.
Severe. Depletion of fibroblasts, necrosis in the
submucosa.
3 Severe. Large abscess formation, microabscesses

coating the cornified epithelial layer, and
numerous neutrophils in the submucosa.

Results

Figure 3 shows that the model of C. albicans infection was
successful, with 5.17 £0.63 log;o (CFU/mL) yeast recovered
from vaginal wash of mice in the control group. The aPDT
treatments achieved a reduction in fungal amount for both MB
(p=10.020) and PpNetNI (p =0.018) groups. The results ob-
tained 7 days after treatment showed 4.19+0.21 log;, (CFU/
mL) yeast recovered for MB (p =0.041) and 4.37 + 0.48 log;
(CFU/mL) for PpNetNI (p = 0.035), both of which were sig-
nificantly different from the control group.

The histological analysis showed an intense inflammatory
response in the proximal area of the vagina, mostly classified
as score 3 according to the definition provided in Table 2, and
the epithelium of the cervix womb showed neutrophil infiltra-
tion for all groups (control, MB, and PpNetNI). On the other
hand, the groups that received aPDT showed only discrete
neutrophil infiltrate in the entrance and medial area of the
vagina (Fig. 4). No alteration in fibroblast organization nor
necrosis was observed following aPDT.

Figure 5 shows representative histological sections of mice
in each group.
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Fig.3 Amount of yeast recovered. The error bars are the standard error of
the mean (SEM)

Control
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Discussion

Many authors have described the antifungal effects of aPDT
[8, 13—16]. In this study, we applied a different approach to
evaluate the interaction among the microorganisms and the
inflammatory response and defense in the vaginal environ-
ment of the host 7 days after treatment. Some authors [17,
18] reported a 3 log fungal reduction in in vitro models.
However, the goal of these studies was usually to achieve a
complete fungicidal effect, whereas the current study aimed to
reduce the fungal infection.

Antimicrobial photodynamic therapy is only effective in
the presence of light. Furthermore, as opposed to a systemic
drug-based antifungal treatment, aPDT acts locally at the site
of PS application and irradiation. This is an advantage in the

3 30% I—-

0% M Control
2 1%
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Fig. 4 Inflammatory response of the samples. The lowest score (0)
represents a lack of neutrophils in the sample; in the score (1), it is
possible to find mild: (1 to 10) neutrophils in the lumen and 1 to 5
microabscesses present in the epithelial layer; in the score (2), there are
numerous neutrophils in the lumen and in the submucosa, along with
numerous microabscesses; the highest score (3) was characterized by
large abscess formation, microabscesses coating the cornified epithelial
layer and numerous neutrophils in the submucosa, as defined in Table 2.
The control group presented significant differences to the methylene blue
(p=0.041) and the PpNetNI (p = 0.027) groups
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Fig. 5 a Photomicrograph of the vaginal canal of mice in the control
group showing numerous neutrophils in the upper epithelial layers
(score 3), lumen and connective tissue (stained with hematoxylin and
eosin [H&E], original magnification 160%). b Vaginal canal of mice in
the control group showing Candida sp. hyphae in the superficial
epithelial layer and in the lumen (stained with periodic acid Schiff
[PAS], original magnification 160%). ¢ Vaginal canal of mice in the
methylene blue (MB) group with few neutrophils in the epithelia and
lumen (score 1) (stained with H&E, original magnification 160x). d

case of localized infections, facilitating treatment of the infect-
ed site without compromising the microbiota of the host.

Antimicrobial photodynamic therapy (with the PS used for
this work) is not specific when it comes to the species of
Candida or even the microorganisms that colonize the vagina.
Therefore, it is likely that aPDT altered the overall microbiota
of the vaginal canal of mice in the current study. Nevertheless,
similar effects are expected when an azole-based treatment is
administered [19], but with the added side effect of liver tox-
icity. In clinical practice, changes in the vaginal microbiota
after antibiotic treatment show a trend toward recolonization
of the vagina by commensal species leading to re-
establishment of vaginal homeostasis [19].

The PS uptake may also influence the selectivity of the
treatment. Following a certain period of contact in the dark,
the microorganism can begin to clear PS molecules from the
cytoplasm. Phenotiazinium dyes, for instance, are substrates
for the ABC pump of Candida and can affect the killing rate
for this yeast [18, 20, 21].

As the vaginal environment is normally colonized by C.
albicans, a complete fungicidal effect may be deleterious to
the microbiota that regularly colonize the vagina; thus, the 1

Vaginal canal of mice in the MB group showing Candida sp. hyphae in
the superficial epithelial layer and in the lumen, but no neutrophils (score
0) (stained with PAS, original magnification 160x). e Vaginal canal of
mice in the PpNetNI group with scant neutrophils in the upper epithelial
layers and lumen (stained with H&E, original magnification 160x). f
Vaginal canal of mice in the PpNetNI group with Candida sp. hyphae
in the superficial epithelial layer and in the lumen (stained with PAS,
original magnification 160x)

log reduction in this model is more suitable than complete
sterilization of the vaginal canal. Nevertheless, more studies
are needed to investigate to behaver of vaginal microbiota
after PDT and how it impacts the ecology and bacterial
recolonization.

Studies in the literature using similar PS and radiation pa-
rameters in vitro are in good agreement with the findings of
this work [17]. The effect of efflux systems on aPDT suggests
that multidrug resistance (MDR) inhibitors could be used with
phenothiazinium salts to improve the efficacy of aPDT.
Moreover, blocking multidrug efflux pumps with specific in-
hibitors has been shown to increase antimicrobial
photoinactivation, and C. albicans may be affected by efflux
pump blockers [18, 21]. Aside from aPDT, C. albicans may
also be affected by efflux pump blockers [22]. However, the
literature lacks data on the effect of efflux pumps and MDR
inhibitors on cationic PS in animal models. The current study
shows that it is possible to achieve about 1 log reduction in C.
albicans using aPDT with MB or PpNetNI.

Although variations in the radiation parameters and PS
may influence the outcome of photodynamic therapy, specific
characteristics of the in vitro infection, such as the
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organization of the C. albicans in biofilms, plays an important
role and may decrease the effectiveness of the aPDT in com-
parison with in vitro studies [17, 23].

Methylene blue is an inexpensive but efficient photosensi-
tizer with low toxicity in humans and animals. In this murine
model, we obtained a significant reduction in yeast immedi-
ately after MB application (p =0.020). Seven days after the
procedure, the population of C. albicans had still not increased
at the infection site (p = 0.041), suggesting that the aPDT was
also effective in the longer term.

The photosensitizer PpNetNI was recently synthesized,
and the current study presents the first results for its applica-
tion in an in vivo model. Despite the little information avail-
able for PpNetNI, porphyries usually present a highly efficient
photodynamic effect [23].

Using PpNetNI and a 630-nm high-power LED, we obtained
a significant reduction in the number of fungal colonies imme-
diately after the application (p = 0.018). In addition, the number
of colonies were still diminished 7 days after the procedure in
comparison with the control group (p=0.035). Although
performing aPDT on day 0 did not eradicate the yeast, it was
unable to recolonize the microenvironment within 7 days.

Histological analysis of samples collected immediately af-
ter the procedure showed a score of zero at every site, indicat-
ing that there were no deleterious effects in the tissue archi-
tecture at the microstructure level due to the aPDT (Fig. 4).

Overgrowth of Candida triggers an inflammatory response
in the vaginal wall, which cause the symptoms of the disease.
The ability of Candida to grow in a biofilm is related to its
pathogenesis and virulence [10, 24]. In our study, we were
unable to visualize or analyze if there was a biofilm formed
at the evaluated site. However, aPDT can disrupt the biofilm
structure in vitro.

Aside from the fungicidal effect of the aPDT, the residual
effect of the photobiomodulation (i.e., some photons were not
absorbed by the PS and its energy was transferred to the host,
producing a photobiomodulation effect) also modulated the
neutrophilic inflammatory infiltrate. Figure 4 shows large ab-
scess formation, microabscesses coating the cornified epithe-
lial layer, and numerous neutrophils in the submucosa at 45%
of the sites in control animals, while only 26 and 30% were
observed in the aPDT groups treated with MB and PpNetNI,
respectively. Meanwhile, about 70% of the aPDT samples
were free from neutrophils and presented no ultrastructural
changes, while only 52% of the control group presented the
same conditions. These differences were statistically signifi-
cant with p=0.041 and p=0.027 for aPDT with MB and
PpNetNI, respectively. In addition, the yeast that survived
aPDT was expected to recolonize the host soon after treat-
ment; however, the yeast population remained unaltered 7 days
after the procedure. Further studies are needed to elucidate the
mechanisms underlying the prolonged response of the host to
maintain the low yeast population.
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Conclusions

In conclusion, the use of aPDT as a therapeutic option to
decrease the fungal infection in a vaginal candidiasis
model resulted in a significant reduction in the amount
of C. albicans. The tested photosensitizers, methylene
blue and PpNetNI, were also effective in preventing the
infection from returning within 7 days. There were no
changes in the vaginal mucosa at the ultrastructural level
due to aPDT.

Aside from the fungicidal effect, we observed significantly
reduced swelling and prevented the formation of abscesses,
microabscesses coating the cornified epithelial layer, and the
infiltration of neutrophils in the submucosa, likely due to the
photobiomodulation (PMB) from the residual photons.

By extrapolating these findings to clinical practice, photo-
dynamic therapy may represent an alternative treatment (or
combined with fluconazole) to treat vaginal candidiasis. It
could, in theory, decrease the infection in the acute phase,
minimizing the symptoms and allowing enough time for the
patient’s immune response system to eradicate the fungi with-
out the need for drugs.
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