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ABSTRACT

Photodynamic antimicrobial chemotherapy (PACT) is based on the principal that microorganisms will be inactivated
using a light source combined to a photosensitizing agent in the presence of oxygen. Oxidative damage of cell
components occurs by the action of reactive oxygen species leading to cell death for microbial species. It has been
demonstrated that PACT is highly efficient in vitro against a wide range of pathogens, however, there is limited
information for its in vivo potential. In addition, it has been demonstrated that sublethal photodynamic inactivation may
alter the virulence determinants of microorganisms. In this study, we explored the effect of sublethal photodynamic
inactivation to the virulence factors of Candida albicans. Methylene Blue (MB) was used as photosensitizer for sublethal
photodynamic challenge on C. albicans associated with a diode laser irradiation (A=660nm). The parameters of
irradiation were selected in causing no reduction of viable cells. The potential effects of PACT on virulence determinants
of C. albicans cells were investigated by analysis of germ tube formation and in vivo pathogenicity assays. Systemic
infection was induced in mice by the injection of fungal suspension in the lateral caudal vein. C. albicans exposed to
sublethal photodynamic inactivation formed significantly less germ tube than untreated cells. In addition, mice infected
with C. albicans submitted to sublethal PACT survived for a longer period of time than mice infected with untreated
cells. The oxidative damage promoted by sublethal photodynamic inactivation inhibited virulence determinants and
reduced in vivo pathogenicity of C. albicans.
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1. INTRODUCTION

Antifungal therapy is a challenging problem in management of infections caused by clinically relevant fungal pathogens
due to a high incidence of resistance developed during therapy, specially in immunocompromised individuals'. Candida
albicans is a commensal fungi of the human gastrointestinal and genitourinary tract that frequently causes superficial
infections of mucosa and skin®*. The infection depends on imbalances between Candida albicans virulence attributes
and impaired host defense. In immunocompromised induviduals, however, C. albicans may invade deeper tissues,
penetrate the blood vessels, and cause life-threatening systemic infections™ *.
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Photodynamic antimicrobial chemotherapy (PACT) combines a nontoxic photosensitizer (PS) with a harmless light of
ressonant wavelenght to generate reactive oxygen species (ROS) that are toxic to microrganisms. The high killing effect
has placed this therapy as a promising alternative treatment for localized infections’. Although the production of reactive
oxygen species from PDT has been implicated in changes of virulence determinants expression in yeasts * 7, the impact
of this therapy on survival microorganisms, as well as the consequences of these alterations on infection is uncertain.

The photodynamic effect depends on photosensitizer type and concentration, as well as the irradiation parameters applied
on cell suspension or biofilm® * °. Literature reports an efficient inactivation on yeast and bacteria following light
delivered over the cells® '*''. However, the cell death is achieved just after some time of irradiation. Thus, it is plausible
that an infected tissue could not receive an homogeneous irradiation in vivo and some target cells may survive after
treatment. The damaged cells that survival from oxidative stress caused by PACT may present differences in their
behavior in adhesion ’ and germ tube expression®. This responsive differences is caused by the massive toxicity produced
by reactive oxygen species generated by photodynamic action *’. On the other hand, some types of photosensitizers are
able to penetrate the cell and it can bind to cytoplasm components and nuclear material. Methylene blue (MB) has been
widely studied as a photosensitizer and it has an affinity to guanine base of deoxyribonucleic acid (DNA)'.
Consequently, generation of ROS activity nearby DNA may occur and it can induce mutations in a random form, since
ROS can interact with organic compounds.

In this study, we evaluated if Candida albicans exposed to sublethal conditions of photodynamic inactivation may
exhibit altered virulence characteristics that could change an infection process.

2. MATERIALS AND METHODS

This study was composed by evaluation of irradiation parameters for sublethal MB-mediated PACT of C. albicans,
analysis of germ tube formation, and in vivo pathogenicity of C. albicans exposed to sublethal PACT.

2.1 Inoculum preparation

Candida albicans ATCC 90028 were sub-cultured from vial stock onto Sabouraud dextrose agar in aerobic conditions
for 48h at 37°C. Turbidity of cell suspension was measured in an optical spectrophotometer in order to obtain
suspensions of approximately 2x10” cfu mL™" (optical density of 0.8 at 540nm).

2.2 Irradiation source and photosensitizer

The solution of methylene blue (MB) was prepared by the dissolution of the powder (Sigma Ltd, Poole, UK) in distillate
water in a concentration of 10mM, which was filtered through a sterile filter membrane (0.22 um, Millipore, Sao Paulo,
Brazil). This photosensitizer was added to the yeast suspension in proportion of 1/100 that resulted a final concentration
of 100pM ®.

A diode laser (Photon Lase III, DMC, Sao Carlos, Brazil) with wavelength of 660nm and output power of 30-100 mW
was used in this study. The laser probe was fixed on a holder keeping the beam spot size with the same diameter of the
well from a 96-well microtiter plates (0.3 cm?).

2.3 Sublethal conditions of PACT

Preliminar tests were conducted to determine the killing curve of MB-mediated PACT of C. albicans (table). A sublethal
condition of irradiation that caused no reduction of the viable cells was used to investigate the effects of sublethal PACT
on germ tube formation and in vivo pathogenicity.

C. albicans cells were incubated with 100uM MB for 10 min at room temperature and in the dark. Aliquots were placed
in wells of a microtiter plate and then irradiated with paramenters decribed in Table 1. Yeast suspensions were serially
diluted in PBS to give dilutions of 10" to 10 times the original concentration. Ten-pL aliquots of each dilution were
streaked onto Sabouraud agar plate in triplicate and incubated at 37°C overnight . The yeast colonies were counted and
converted into cfu mL™" for analysis. Two types of control conditions were used: without PS and irradiation, and with PS
in the dark.
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Table 1. Parameters of irradiation

Power Fluence rate Area Time Fluence
(mW) (mW/cm?) (cm?) (min) (J/em?)
2 12
30 100 0.3 4 24
6 36

2.4 Germ tube formation

After sublethal PACT, yeast cells were incubated with 10% bovine fetal calf serum at concentration of approximately
10°-10° cells mL™ for 3 hours at 37°C . After this period, 5 uL of the yeast suspension was placed on a microscope
slide and then covered with a coverslip. The number of germ tube (GT) was determined by examining 100 yeast cells
under a light microscope and percentage of GT formation was obtained. A control group with cells untreated either by
irradiation or PS was also used. Three independent experiments were conducted with four analysis in each one.

2.5 In vivo pathogenicity assay

A mice model of hematogenously disseminated candidiasis was used to investigate the pathogenesis alterations caused
by PACT. Fourteen female BALB/c with 9-11 weeks of age were injected in the lateral caudal vein with 0.1mL of C.
albicans suspension, containg 2x10° cells °. Animals from PACT group were infected with C. albicans pre-treated with
sublethal PACT, and mice from control group were inoculated with cells untreated either by irradiation or PS. Animal
survival was evaluated every day'’.

2.6 Statistics

Mean and standard deviation values were obtained for percentage of germ tube formation data. The difference between
two means was compared by two-tailed unpaired t-test with significance level of 5%.

3. RESULTS AND DISCUSSION

In order to determine the parameters of irradiation for sublethal MB-mediated PACT, three different conditions of
irradiation were evaluated. A hundred-pM MB did not show any toxicity on yeast cells after incubation for 10 minutes.
The mean cfu/mL of C. albicans treated only with MB (7.25+0.17 log) did not present a significant difference (p>0.05)
compared to the control cells (7.29£0.16 log). After two min of irradiation, no reduction of viable cells was observed,
whereas 4 min and 6 min of irradiation produced less than 1 log;, of killing (Figure 1).
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Figure 1. Reduction of viable C. albicans after MB-mediated PACT with different parameters of irradiation. Data represents mean
value and bars are standard deviation. There were no reduction of viable cells after two min of irradiation. MB-mediated PACT with
4 min and 6 min of irradiation reduced 50% and 60% the number of viable cells

Methylene blue is frequently employed class of antimicrobial PS that has been largely used in association with a red light
(A=660nm) to kill a broad range of pathogens, including C.albicans. Different phototoxic efficiency has been reported
according to MB concentration and irradiation parameters® ™ '”. In the present study, we observed a lower killing effect
than previously described by Prates ez al.® due to the higher cell density used '°. Part of the light applied to C. albicans
suspension is scattered by the cells, which reduces light transmission through microbial suspension. Thus, in a inoculum

with a higher cell density, less fotons are available to be absorbed by the photosensitizer, reducing the killing effect of
PACT.

After determination of parameters of irradiation for sublethal PACT, we analysed germ tube formation in order to verify
whether sublethal PACT induced alterations in C. albicans virulence. Yeasts were incubated with MB followed by
irradiation with parameters that causes no photoinactivation of cells (100 mW/cm? for 2 min). The ability of C. albicans
to form germ tube significantly decreased after exposition to sublethal PACT (p<0.001). In control group, 32% of the
cells were able to form germ tube, while in PACT group there were only 15% of germ tube formation (Figure 2).
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Figure 2. Effect of photodynamic antimicrobial chemotherapy on germ tube formation. Cells from PACT group were treated with
sublethal MB-mediated PACT before incubation in medium to induce germ tube formation. Cells from control group were not treated

either by MB or light. Column represents the mean percentage of GT formed in each group and error bar is standard deviation. There
was a significant difference between groups (p<0.05)
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C. albicans is a microorganism that has the ability to switch between distinct forms in response to external stimuli'®.
This ability has been considered a virulence attribute of this fungus, i.e. a trait of C. albicans that are needed to interact
directly with the host and cause disease'’. Among morphogenetic forms of C. albicans, germ tube is the initial
elongating structure formed during the yeast-hyphal transition that is important to infect’’, as well as to evade or escape
phagocytic cells®'. In addition, germ tube is the dominant growth form of C. albicans in plasma®. The development of
germ tube was reported to be inhibited as a response to oxidative stress caused by exposure of C. albicans to immune
system cells *. The inhibition of germ tube formation observed in our study showed that the reactive oxygen species
generated by sublethal MB-mediated PACT also produced injuries that altered this cell function.

Since sublethal PACT affected the ability of C. albicans to form germ tube, we tested whether the alterations caused by
PACT could affect the pathogenicity of this microorganism. We used a mice model of systemic candidiasis induced by
intravenous inoculation of C. albicans, which is very useful tool to study pathogenesis™ **. The infection with C.
albicans pre-treated with PACT was less aggressive than infection with untreated cells. Mice from PACT group started
to die 3 days postinoculation, while all animals from control group died until this date (Figure 3). This data showed that
the alterations caused by the oxidative stress of PACT diminished C. albicans pathogeniticy and slowed the infection
progress. However, all mice from PACT group died within 10 days, showing that C. albicans cells injuried by sublethal
PACT were able to develop the infection.

1004 —a— control
—4&—PACT
80
S 6o
c
@
<2 40
204
0 - T : . ‘
0 2 4 6 8 10

Time after injection (days)

Figure 3. Survival curves for mice systemically infected with C. albicans. Mice infected with cells pre-treated with sublethal PACT
survived for a longer period of time than mice infected with untreated cells

After hematogenous inoculation of C. albicans, the development of disseminated candidiasis dependends on survival of
microorganisms in bloodstream, growth, escape from bloodstream and infection of organs. This fungus uses different
attributes to escape from the bloodstream and to penetrate endothelial layers and their surrounding tissues?’. Hypha
formation and hyphal-associated factors can help the fungus to escape from macrophages after phagocytosis®™ %, to
inhibit killing by neutrophils®, to adhere to endothelial cells?’, to induce phagocytosis by endothelial cells in order to
escape from the bloodstream?’, and to invade tissue®®. When C. albicans is exposed to blood, the transition from yeast to
hyphal cells rapidly initiates, helping this microorganism to survive in a such hostile enviroment. We observed that
sublethal PACT reduced the ability of C. albicans to form germ tube, which affected the capability of this
microorganism to escape from bloodstream and also favored host defenses, making the fungal cells more succeptible to
be killed by immune cells. These events can explain the less aggressive infection caused by C. albicans pre-exposed to
PACT. Furthermore, C. albicans damaged by ROS could also present a decrease in cellular growth rates® and inhibition
of adhesion’’, which might also affected the infection.

Although PACT showed to induce cellular alterations that reduced C. albicans pathogeniticy, all mice from PACT group
died whithin 10 days. This observation demonstrated that the damage induced by PACT in C. albicans cells did not
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impede the establishment and progression of the infection in our model. After inoculation, the fungal cells pre-treated
with PACT that survived the challenge of mice immune system probably recovered from injuries caused by ROS,
becaming able to cause disease. One point of our methodology should be noted; mice were infected with an acutely
lethal inocula of C. albicans that killed all animals from control group within 3 days. This aggressive infection was used
to avoid massive killing of fungal cells by immune system, which allowed us to verify the ability of C. albicans to
recovery from damage caused by PACT in a challenging environment as bloodstream.

Even though ROS is one of the major causes of DNA damage and mutations, fungal cells have evolved several repair
mechanisms to counteract oxidative DNA damage *°. Furthermore, studies fail to demonstrate that microorganisms
exposed to PACT might express characteristics of genotoxicity promoted by PACT ***,

In summary, our data showed that oxidative damage caused by PACT in C. albicans inhibited an important virulence
determinant, the ability to form germ tube, and reduced in vivo pathogenicity of this microorganism. The results of
survival after hematogenously candidiasis suggest that the alterations caused by oxidative stress generated by sublethal
PACT might be transitory.
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